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Abstract 
 
Background:  
Biofilm induced implant diseases have been reported to occur between 19-65% of all 
implants placed worldwide. Despite the high prevalence of these diseases, currently there 
is not a universally accepted and reliable treatment modality. Peri-implantitis is an 
inflammatory reaction which can cause bleeding, suppuration and the pathological loss of 
bone around dental implants, resulting in a saucer shaped bone defect. This inflammatory 
process can occur some years after implant placement, and can lead to eventual loss of the 
implant. The major contributing factors to peri-implantitis are patient susceptibility (i.e. a 
previous history of periodontitis and systemic modifying factors), the formation of a biofilm 
on the surface of the implant abutment and subsequently on the surface of the implant fixture 
itself.  
 
While regular professional and home care can maintain health peri-implant tissues, once a 
mature biofilm has established itself on the subgingival implant surface, it becomes 
problematic because the surface is microscopically rough and notoriously difficult to clean. 
Despite a range of studies into various debridement techniques, most studies report varying 
clinical results.   
 
Aims: 
 
The overall aims of this PhD project were to explore how biofilm can be removed from 
textured implant surfaces using a variety of methods for closed (non-surgical) debridement, 
without causing surface damage or other undesirable modifications.  Different in vitro models 
were used to assess the performance of conventional and novel methods of surface 
debridement.  
 
Methods:  
 
Titanium discs with various degrees of surface roughness and topographies were utilised to 
simulate the same textured surfaces as exist on commercial implants. Samples were 
generated with smooth surfaces, abraded surfaces, and surfaces which had been both 
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abraded and etched (SLA) to resemble existing implant systems. The performance of 
various conventional debridement techniques was assessed, testing them against each type 
of surface, first without a biofilm present - to assess surface damage, and then with a biofilm 
present, to assess biofilm removal and accompanying surface damage. Surfaces were 
characterised by scanning electron microscopy (SEM) and by laser profilometry, while 
biofilm removal was assessed numerically using assays (crystal violet and XTT), and 
qualitatively by SEM and confocal scanning laser microscopy.  The studies were designed 
to test how complex mixed biofilms of natural origin (produced from human saliva as the 
inoculum) were removed by the various methods. In later chapters, the performance of novel 
techniques such as fluids agitated by middle infrared pulsed lasers, and electrochemical 
methods are explored.  
 
Findings:  
A number of debridement methods were tested on different type of implant surfaces, and it 
appears that modifications to surface risk is technique dependent. Biofilm removal is also 
technique dependent. Mechanical instruments such as hand curettes, ultrasonics and 
brushes appeared to have a limited effect in removing biofilm but was at high risk for creating 
a surface smear layer thus should not be recommended on rough surfaces, irrespective of 
the type of material of construction. It appears that Er:YAG laser used with water, abrasive 
particles (air polishing) with glycine powder, application of citric acid and electrolysis at a 
low current are moderately effective at removing or inactivating the biofilm while preserving 
the integrity of the original surface. Electrolysis appears to be promising for inactivating 
biofilm but did not give physical removal, unlike laser or air polishing methods.  
 
These are promising areas to explore further, since these treatments are likely to either 
enhance biocompatibility, or at the very least, will not lower the surface energy, while 
different debridement approaches have been shown to give varying effects on different 
surfaces, additional work is needed to test if a combination approach would be a better 
than a single debridement method.  
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Chapter 1 
 
Novel methods for debridement of dental implant surfaces  
contaminated by a dental biofilm: A literature review. 
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1.1 Introduction  
 
Dental implants have been shown to be an effective replacement for missing teeth, and 
have been used for over 40 years with good clinical success when placed in most sites in 
the mouth.  The material used for the fixture can vary from metals such as commercially 
pure titanium (Ti) and titanium alloys, through to ceramics such as sapphire and zirconium 
oxide. The use of titanium is favoured because it is biocompatible, corrosion resistant, 
lightweight, and durable. 1 
 
Dental implants are inserted into specially prepared channels in the bone of the mandible 
and maxilla. Once fully integrated into this bone, they can be restored with a crown to 
replace a single missing tooth, used to support a fixed prosthesis with multiple units, or to 
stabilise or support a removable prosthesis. The titanium surface can be plain 
(machined/polished) or can be treated with various coatings or textures without affecting its 
biocompatibility.  1 
 
1.2 The complexities of implant surfaces 
 
While early dental implants had simple threaded forms and plain surfaces which were 
unmodified after milling, almost all modern metallic dental implants have surface features 
which increase the surface area and energy, thereby enhancing the adhesion of blood, 
matrix proteins and human cells. 1 Altering the surface of a Ti implant to increase its 
roughness does not compromise its biocompatibility, but enhances the total area available 
for integration with bone. 2 The surfaces of most modern dental implants are micro-textured, 
to support and enhance osseointegration. 1, 2 
 
A range of methods have been used to achieve modification of the milled surface. 
Treatments such as titanium plasma-spraying, grit-blasting, acid-etching, and anodization 
create a favourable roughened, high energy surface which aid in the process of 
osseointegration. 3 The roughness of most current implant surfaces created using these 
methods ranges from 0.5-2 µm. 1 Newer surface modifications involving treatment using 
sulphuric acid and hydrofluoric acid can create nanoscale roughness, while technologies 
such as micro-arc oxidation can create nanostructured bioactive titanium oxide layers to 
enhance cell attachment and adhesion onto the dental implant surface. 3 These patterns 
are superimposed onto a variety of different types of thread patterns. Regions which have 
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only been milled, such as the upper most collar region, show typical lathe marks on the 
surface whereas the thread regions have micro-textured surfaces. 
 
1.3 Biofilm development on implant surfaces 
 
The roughened implant surfaces which assist in achieving integration of the implant with the 
bones of the jaws provide an exceptionally favourable microenvironment for biofilm 
formation, once that surface comes into contact with saliva. 4 In vivo studies have shown 
that the extent of bacterial colonization of roughened Ti surfaces is greater than that of 
smooth titanium surfaces. 5, 6 Moreover, the extent of bacterial adhesion correlates directly 
with the extent of surface roughness. 5 Several authors have shown that methods which 
increase surface roughness enhance the attachment of bacteria. 7 Biofilms then develop 
quickly and mature rapidly, nourished by nutrients derived from the saliva, gingival 
crevicular fluid and blood of the host.  Bleeding and suppuration is a consequence of the 
development of inflammatory reactions in the adjacent host tissues, and blood contributes 
to the growth of Gram-negative species which utilize iron and porphyrins in their normal 
metabolic pathways.  
 
Once a biofilm has become established on an implant surface, conventional methods of 
debridement are not effective for its removal. 8 An implant surface which is positioned below 
the position of the gingival tissues that cannot be reached with the bristles of a conventional 
toothbrush or floss, as these only penetrate 0.5 mm into crevices around teeth and dental 
implants. Likewise, products used in the mouth such as mouthwashes only penetrate to a 
similar limited extent. 9 
 
1.4 Biofilm-induced peri-implant diseases 
 
Peri-implant inflammatory diseases caused by biofilm accumulation on implant surfaces 
may be separated into two groups or entities: peri-implant mucositis (PIM) and peri-
implantitis (PI). These differ in the extent to which the inflammatory reaction of the host 
immune response extends to involve the bone surrounding the implant. 10-12 In PIM, 
inflammation is confined to the soft tissues surrounding the dental implant, and there is no 
progressive loss of supporting bone over time. 11 In PI, the biofilm-induced inflammatory 
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process causes both changes in the soft tissues as well as progressive loss of the 
supporting bone. 13 Both PIM and PI are relatively common. The most recent systematic 
review conducted in 2015 estimated that the prevalence of both conditions to be in the range 
of 19-65%. 14 This is consistent with recent longitudinal studies conducted in communities 
where dental implant treatments are very commonly performed as the standard of care for 
single missing teeth. 15 
 
1.5 Association with periodontal pathogens and risk factors 
 
One of the key factors affecting the long-term success of dental implants is the maintenance 
of healthy peri-implant tissues. The aetiology of PI is similar to periodontitis, since both begin 
with microbial colonization of the implant surface, leading to the formation of a biofilm 
comprised predominantly of gram-negative facultative and strictly anaerobic bacteria. 16 The 
microorganisms in both conditions are generally similar, as are the immunological aspects 
of the soft tissue responses seen in the peri-implant tissues.  Other cofactors include an 
systemic factors that induce inappropriate host response such as smoking, cardiac 
diseases and uncontrolled diabetes. 17, 18 
 
At both the microbial and immunohistological levels, there are numerous similarities 
between PIM and gingivitis, and likewise between PI and periodontitis. The microbial flora 
is dominated by Gram-negative species, with smaller numbers of streptococci and other 
Gram positive bacteria. Key pathogens which have been implicated in PI include bacteria 
implicated in PI include anaerobic Gram-negative rods, motile organisms and spirochaetes) 
present in dental plaque biofilms surrounding teeth. 16 Periodontal pathogens such as 
Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia have been 
implicated in PI. 16 A point of difference between biofilm formation on implant surfaces 
versus teeth is that Staphylococci (particularly S. aureus) and yeasts (such as Candida spp) 
can be found in biofilms on implant surfaces, whereas these rarely occur in biofilms 
associated with teeth. 19-21  
 
Because dental implants are increasingly utilized in the restoration of partially dentate or 
fully edentulous patients, this raises issues of pathogens being transferred from sites with 
periodontitis to the surfaces of implants.21 Demand for dental implants for single tooth 
replacement has been driven by their lower biological cost compared to conventional dental 
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bridges, and better long term outcomes, since implants, unlike teeth, are not affected by 
dental caries and its complications. When failures with implant treatment occur, these may 
be classified as being either early or late, reflecting surgical or mechanical factors in the 
former, and biological factors in the latter. 22 PI accounts for most of the late failures, since 
the biofilm-induced inflammatory reaction causes extensive cratering of the bone, making 
the implant unsuitable for supporting a crown or other prosthesis. 23 
 
The seminal work of Lang et al. 24 documented how inflammation in the implant-mucosal 
unit (i.e. PIM) can, in susceptible patients when biofilms are allowed to accumulate for 
prolonged periods of time, progress from PIM to PI, with accompanying loss of 
circumferential bone. This conversion is not merely an expansion in volume of the host 
immune response to the biofilm but represents fundamental changes in the composition of 
the biofilm (such as emergence of different pathogens in a cyclical pattern) and 
accompanying shifts in the composition of immune cells present in the tissues and their 
behaviour, particularly their production of inflammatory cytokines and mediators which alter 
host tissues, such as proteases. These add to the effects of proteases of bacterial origin, 
especially those produced by Porphyromonas species. An effective treatment should 
address the fundamental driving factors within the host response to the biofilm which 
accumulates on the surfaces of implants, by removing the microorganisms and their 
products. 25 Reducing the biofilm volume and changing its composition should then reduce 
the intensity of the inflammatory response, and alter its character so that destruction of 
tissue no longer outweighs formation of tissue. 26 
 
As biofilms develop on implant surfaces, the appearance of key pathogens such as 
Porphyromonas species is a relatively early event. As seen in Table 1.1, such organisms 
can be present in saliva, and can reach significant levels in the biofilms which form on dental 
implant surfaces after a period of several days. Quirynen et al. 27 followed the colonisation 
of newly placed implants by bacteria, and took samples of the microbiota, and examined 
these using checkerboard DNA–DNA hybridization, cultural techniques, and by real-time 
polymerase chain reaction (RT PCR). They found that bacterial species associated with 
periodontitis can be detected in peri-implant pockets as early as 2 weeks after implant 
placement. 27 
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Table 1.1: Dominant organisms in the taxonomic analysis of biofilm on dental implants 
___________________________________________________________ 
Neisseria and other Gram negative species 79% 
Streptococci 7.2% 
Bacilli 4.6% 
Veillonella 3.5% 
Gemella 1.3% 
Porphyromonas 0.5% 
Actinomyces 0.3% 
Peptostreptococci 0.1% 
Fusobacteria 0.1% 
___________________________________________________________ 
Major groupings of bacteria in a typical 96 hour multi-species biofilm grown on an abraded 
titanium surface (using the surface preparation method described in Chapter 2), based on 
a human salivary inoculum, showing major groups of bacteria according to Next-generation 
sequencing analysis. The biofilm was grown according to the method described in detail in 
Chapter 4. 
 
The risk factors for peri-implant diseases are similar to the known predisposing and 
modifying factors for periodontal diseases. Various prospective and retrospective analyses 
have shown that the systemic health of the host (e.g. type II diabetes mellitus), 28 genetic 
traits, 29 environmental factors (e.g. smoking), 17, 30 a past history of periodontitis, 30, 31 poor 
compliance with mechanical cleaning recommendations, 30 and infrequent dental 
maintenance visits 32, 33 are major risk factors for the development of PI/PIM.  
 
Adding to this, there are variations between implant surfaces according to the brand of the 
implant used. With different surface topography and different surface energy, biofilm 
formation may be affected. 32, 34-36 Some of the surface types currently available are shown 
in Figure 1.1. Several studies have reported that over periods ranging from 1-20 years, the 
prevalence of bone loss around implants can vary from 27.8 - 47% of patients. 35-37 There 
is a clear message from such studies that PI when left untreated is a strong predictor of 
future implant loss.  
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Figure 1.1: Scanning electron microscope images of dental implants. A, the collar (upper) 
and thread regions of a 3i Biomet implant. B, The lower end of an Ankylos implant. Note 
the difference in thread patterns compared to A. C to L, Implant surfaces of various 
implant brands. C, non-textured surface showing lathe cutting marks (3i Biomet). D, MIS. 
E, Neoss. F, Ankylos. (Figure continued overleaf).
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Figure 1.1: (Continued) Scanning electron microscope images of dental implants. G, MIS. 
H, Nobel Biocare. I, Biohorizons. J, Southern (non-textured surface). K, Southern ITC. L, 
Southern ITC (pitch region). Samples were new implants and were not sputter coated. All 
samples were viewed on either a Quanta 400L or Zeiss Sigma VP, Jena, Germany) using 
secondary electron mode at an accelerating voltage at 10-15 kV under high vacuum 
conditions and a working distance of 10 mm.  
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1.6 The complexities of biofilm removal and implant debridement 
 
While different protocols for professional care of dental implants have been suggested, it is 
unclear at present which is the most effective. 37 Traditional dental treatment modalities, 
such as the removal of biofilms using scaling instruments originally designed for debriding 
the roots of teeth cannot be applied in exactly the same way to threaded implant surfaces. 
The implant surface structure has far more areas which are protected, and much of the 
surface is inaccessible to conventional professional instruments. 38 Hand scaling 
instruments and ultrasonic scalers are not very effective for removing biofilm. 38 
 
Although there are many studies of PI treatments, including randomized controlled clinical 
trials, a Cochrane systematic review conducted in 2012 concluded that based on current 
evidence, no particular treatment can be established as a gold standard approach for the 
treatment of PI. 37 In subsequent systematic reviews since 2012 have yielded the same 
conclusion. 39-41 
 
In clinical practice, chairside methods to assess the levels of key pathogens present in 
biofilms on the surfaces of implants or teeth do not exist, and sampling followed by genetic 
analysis is too expensive for routine use. Therefore, the approach taken follows a non-
specific approach, namely the removal of all biofilm from the surface, regardless of the 
pathogenicity of bacterial species growing within it. Since treatment of PI aims to also 
achieve re-osseointegration of the implant surface with bone, it is necessary to remove not 
only all viable bacteria, but all traces of bacterial products such as endotoxins, in order to 
maximize the likelihood of success. Whilst re-osseointegration is possible, it remains 
unpredictable due to the local factors such as bony defects are present around the implant. 
Horizontal or vertical bone loss, and a decontamination of the implant. 
 
1.7 Treatment of peri-implantitis  
 
Treatment of PI needs to be implemented as early as the problem is diagnosed, since the 
likelihood of implant failure due to PI is reduced significantly when the condition is detected 
early so that treatment can be instituted. 42 Such treatment involves decontamination of the 
implant surface, as well as surgical augmentation of the associated bony defects. 43 The 
use of such techniques combined with removal of the threaded regions of the implant 
(implantoplasty) has become a recommended approach for managing PI. 44, 45 However, 
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effective non-surgical treatments may precede surgical management or reduce the need for 
surgery. Non-surgical options can serve as first line therapy, especially undertaken by 
dental hygienists when they are providing supportive periodontal therapy for patients with 
dental implants. Whilst non-surgical treatment has been shown to be effective in resolving 
peri implant mucositis by helping to resolve local inflammation in the periimplant tissues, it 
does not reliably resolve PI, as shown in several systematic reviews. 44, 46 PI should best be 
managed surgically.  
 
When the surface of the implant is not completely clean, the desired goal of achieving re-
osseointegration of the implant after decontamination is difficult or impossible to achieve. 47 
The reasons include the challenges of biofilm removal from the surface of the implant, and 
alterations of the implant surface caused by the cleaning procedure used. 48 This is true 
whether guided bone regeneration (GBR) is used with or without bone grafting. 
 
Regardless of the pathogenicity of bacterial species growing on the implant, and akin to 
periodontitis, treatment of PI is focused on the removal of bacterial deposits from the implant 
surfaces. Where re-osseointegration of the fixture is the goal, the desired standard is 
removal not only of viable bacteria but all traces of bacterial debris and their toxins, in order 
to maximize the likelihood of success. 
1.8 Methods for implant surface debridement 
 
Implant surfaces are notoriously difficult to clean. 49, 50 The difficulty in cleaning the surfaces 
of titanium dental implants lies in the complex topography of the implant surface, as is 
readily apparent at high magnifications (such as those used in Fig 1.1).  Most implants have 
threads at the macro level (e.g. Figure. 1.1A and B), which impede with the action of hand 
scalers and ultrasonic scalers, so that they only touch the outer parts of the threads but do 
not reach areas between the threads. On the microscopic level, a highly roughened surface 
has a larger surface area than a smooth surface. Areas of roughness can be an obstacle to 
the removal of bacteria and their products, as rough surfaces defy effective debridement by 
mechanical means alone. 50 
 
1.8.1 Debridement instrumentation 
 
Various methods have been examined for their effectiveness in removing the biofilm and 
debris from implant surfaces, including ultrasonic scalers, steel, titanium and Teflon® 
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curettes; air powder abrasion or particle jet devices; abrasive and polishing rubber cups; 
and brushes. 51 It is known that both metal tip ultrasonic scalers and stainless steel hand 
scalers damage and scratch the surfaces of Ti implants, 51-53 and their use is thus 
contraindicated. 52 Furthermore, plastic hand scalers have been shown to leave residual 
scaler material on Ti implant surfaces during use. 54 Examples of typical damage to surfaces 
from ultrasonic scalers are shown in Figure 1.2 (panels E-F), which also show residual 
bacteria and biofilm matrix which persist on the surface despite intense professional 
cleaning.  
 
Within the group of conventional instruments, particle jet or air-powder polishing methods 
have been shown to provide the most effective cleaning option to date. 48, 55 The range of 
available particles for such devices includes aluminium oxide, calcium carbonate, sodium 
bicarbonate, and glycine. 55 Several manufacturers have fabricated tip designed to apply 
the particle jet into subgingival implant surfaces, however the pattern of the threads causes 
many regions on the surface to be protected. Air-powder abrasion can round off sharp 
projections on an implant surface. 51 
 
 
Some implant designs use a smooth collar near the attachment point for the overlying 
crown, which is designed to be easier to clean by tooth brushing and reduce the risk for 
biofilm colonization. Hand and ultrasonic scalers can readily scratch this smooth surface, 
with the resultant scratches promoting the growth of biofilms in the supragingival areas. As 
this matures, it can track down the protected areas of the grooves and scratches created 
by dental instruments to penetrate into the subgingival environment, where it can then 
become established on the threads, leading to PI. For this reason, plastic curettes and 
rubber polishing cups are recommended for the removal of plaque from smooth implant 
collars. 48, 51, 53 
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Figure 1.2. Rapid development of bacterial biofilm on dental implant surfaces. A, Pristine 
surface of a new Nobel Biocare™ implant. B, The same surface after 4 days incubation in 
Brain Heart Infusion broth inoculated with human saliva. C, 4 day biofilm on the surface of 
a Southern™ implant grown from a human saliva inoculum, which shows similar 
characteristics to image B. D, Biofilm between the threads of an implant which was removed 
from the mouth because of PI, which had led to bone loss and eventual failure of the implant. 
E, Damage to an abraded titanium surface (Southern implant) caused by an ultrasonic 
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scaler with a metal tip used for 60 seconds to remove biofilm. F shows a high power view 
showing bacteria still present and surface damage (flattening of irregularities) on different 
types of micro-roughened titanium surface after using an ultrasonic scaler. 
 
1.8.2 Cavitation-based approaches 
 
Ultrasonic scalers have been used in dental practice for the removal of dental biofilms on 
the root surfaces of teeth. 56 Modern ultrasonic scalers fall into two main categories: 
piezoelectric and magneto-strictive devices. A part of their cleaning action is through 
vibrational energy which shatters any calcified hard deposits. Only the tip of the ultrasonic 
is considered active, thereby effective debridement is limited by how much contact the tip 
has with the surface area of the tooth. 56 Traditional ultrasonic inserts are made from 
stainless steel, and these damage implant surfaces through a mechanical vibrating contact 
action. 53 Typical patterns of surface damage are shown in Figure 1.2E. The hardness of 
the ultrasonic tip has also been a suggested variable to potentially modify the implant 
surface. 57 
 
The mechanism of the ultrasonic tip against an implant surface usually results in a cavitation 
approach as it would be in for teeth 58, however an ultrasonic tip coated in a plastic insert 
may possibly leave a plastic residue behind on the treated surface 58, 59. Yang et al also 
suggested that using a plastic based scaler, regardless of whether if it was a hand curette 
or ultrasonic tip, would leave plastic residue on rough Ti surfaces despite those surfaces 
being rinsed with water for 10 seconds. 59 
 
Ultrasonic scalers create cavitation, with the resultant shock waves from explosions and 
implosions disrupting bacterial cell walls. The accompanying stream of irrigation fluid water 
both cools the tip and introduces air and thereby oxygen to the area. The movement of fluid 
can help remove endotoxins from surfaces. 60 A number of manufacturers have released 
so-called ‘implant safe’ ultrasonic tip inserts for use in both implant maintenance and for the 
treatment of PI. These tips are usually made of carbon fibre, titanium, Teflon®, graphite or 
plastic. A number of studies have demonstrated that ultrasonic tips designed for implant 
maintenance do not cause significant damage at the macroscopic level. 48, 60, 61 
 
Paradoxically, some investigators have proposed the use of instruments that deliberately 
flatten the microscopically rough implant surface to reduce its roughness and thereby area 
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available for the attachment of bacteria. 62, 63 This appears to be a compromise since the 
original goal has always been to remove biofilm without causing any surface modifications.  
 
In terms of clinical outcomes, Karring et al. treated patients diagnosed with PI, and cleaned 
the implants either with an ultrasonic scaler or plastic hand scalers. They found no clinically 
relevant difference in the outcomes obtained. 64 No instrumentation applied by the 
dentist/hygienist can resolve PI (or periodontitis) if the oral hygiene of the patient remains 
poor, and bleeding scores remain high, which indicates persisting biofilms and persistent 
inflammation. 8, 65  
 
Despite the advent of new ultrasonic scaler inserts made of titanium, plastic or graphite, the 
general consensus in the literature is that ultrasonic scalers have the same fundamental 
limitations as hand instruments in that they cannot access the undercuts of the implant 
found between the threads. 38 Their zealous use causes surface alternations. 66 Moreover, 
the treated surface is not yet biologically compatible, since biofilm and endotoxins remain. 
67 
 
There may be changes in the surface roughness once an implant surface has been 
instrumented with an ultrasonic instrument, because of the instrumentation flattening off 
surface projections and thereby reducing the surface roughness. On the other hand, if the 
surface was smooth to begin with, any instrument that scratches the surface will increase 
the roughness of the surface and thereby make it more plaque retentive. 68 
 
Overall, despite ultrasonic scalers being used to debride enamel and roots in a relatively 
safe manner, there are concerns over their use on titanium implant surfaces since even 
when used at minimal power settings, with light pressure and when fitted with soft inserts, 
they can still modify the original surface topography and leave residues on the surface. 57, 
58, 69 
1.8.3 Particle jet systems for the removal of biofilm (Air polishing/Air abrasion) 
 
Particle jet (air polishing /air abrasion) units have been marketed for the treatment of the 
roots of teeth affected by periodontal disease, because of their ability to disrupt biofilms, 70 
whilst causing relatively little damage to the roots of teeth or the adjacent oral soft tissues. 
71 They are well suited for repeated use at the same site. This is in contrast to hand 
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instruments which when used repeatedly on the same root surface can cause significant 
removal of tooth structure. 71, 72 
 
The principle behind particle jet devices is that steady flow of compressed air accelerates 
abrasive particles which then impact into the tooth surface. 73 These cause microscopic 
fractures and abrade deposits, including biofilms and extrinsic stains. Ideally, the powder 
used should not damage the target, and preferably would also exert some modest 
antibacterial actions. 71 A number of manufacturers now produce particle jet devices and 
powders for different periodontal applications.  
 
The tip designs used for particle abrasion vary according to the mode of clinical application 
(supragingival or subgingival), since these require different angulations for applying the 
central beam of the particle jet spray at an appropriate working distance from the surface 
being cleaned. The powders available vary in their particle size, shape, composition and 
density. 73 Typical powders are sodium bicarbonate, calcium carbonate, bioactive glass, 
pumice and glycine. 72 Both the selection of powder type and the application method used 
influence the effectiveness of biofilm removal, as well as the potential for tissue harm. 71 
Logically, one would want to avoid powders which are harder than grade 4 or 5 titanium, as 
these could easily damage the surface and roughen it even more, enhancing the problems 
caused by the attachment and growth of bacteria once the surface has become roughened. 
74 This is exactly the same issue as discussed earlier for stainless steel instruments such 
as ultrasonic scalers and hand scalers, which will damage titanium implant surfaces. 75 
 
The first study of implant surface debridement using a particle jet device was undertaken 
by Barnes et al. in 1991. 76 Since that time, numerous studies have examined the effects of 
particle jets on implant surfaces. Most in vitro studies and narrative reviews based on these 
have concluded that particle jets are a relatively safe means of decontaminating a titanium 
implant surface without causing major modifications to the surface. 55, 77 When compared to 
other conventional instruments, the particle jet approach is appealing as it may be better 
able to reach into less accessible areas and clean more surface area in the same amount 
of time. 38 
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The extent of implant surface damage is influenced strongly by the choice of abrasive 
powder, with sodium bicarbonate and aluminium oxide (alumina) powders being more likely 
to damage the implant surface than glycine. 55 There has been emerging support in the 
most recent literature for the use of glycine powder as the particle material of choice, due 
to it exerting bacteriostatic actions when used at a 10% concentration, 78 being suitable for 
use at low air pressures (and thus giving a low risk of air emphysema), 79 and causing less 
damage to implant surfaces than sodium bicarbonate. 55 
 
An important consideration is the effects of particles used for cleaning on the 
biocompatibility of implant surfaces. Koishi et al. showed that glycine was better than 
sodium bicarbonate, and recommended that at a small particle size (25-50µm), glycine 
should not modify dramatically the original surface, 80, 81 despite causing ‘rounding’ of rough 
peaks on the surface. Such rounding effects are likely when the particles used are calcium 
phosphate or hydroxyapatite.  
 
A recent review recommended the subgingival application of glycine powder for 5 seconds 
as being long enough to remove biofilm and reduce bleeding scores at sites of PIM, as a 
preferred approach over mechanical debridement using curettes. 82 However, other authors 
have reported that glycine particle jets are no better than routine non-surgical debridement 
when used in PIM cases, but one has to consider that a small sample size may account for 
lack of a significant change in clinical parameters such as bleeding, plaque and probing 
scores, due to lack of statistical power. 83 It is unclear at present whether glycine particle 
jets are suitable for the resolution of PI or PIM, since complete disease reversal has not 
been commonly observed after treatment, 82, 84 even when an open (surgical) approach was 
adopted. 85 It also remains unclear whether improved oral hygiene and/or the modification 
of the implant surface to allow for better cleaning are more important than the application of 
a subgingival powder, for the desired outcome of the improving gingival health and reducing 
bleeding scores around implants. 82 A recent systematic review concluded that air-powder 
abrasive systems used with either sodium bicarbonate or glycine can effectively debride 
smooth as well as acid etched/grit blasted implant surfaces without causing extensive 
changes to the surface topography. 48 
 
Removing all bacteria and debris from the implant surface is regarded as essential for re-
osseointegration. Decontamination of the implant surface with dental curettes or air powder 
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abrasion devices does not, however result in a sterile surface. 86 Likewise, decontamination 
and detoxification of an implant surface cannot be achieved with hand curettes regardless 
of whether an antiseptic/biocide is also used. 43 
 
1.8.4 Laser based approaches  
 
As discussed above, the complete removal of biofilm from titanium implants has proved 
elusive to date. Traditional dental instruments used to debride root surfaces have proved 
particularly ineffective when applied to implants. 46, 87, 88 Lasers have been suggested as an 
alternative means of decontaminating dental implants, with some studies using Er:YAG 
lasers showing nearly complete removal bacteria and debris from titanium surfaces. 43, 49 
The logic behind using lasers relates to the various photothermal bactericidal effects of laser 
energy, as well as to the ability of some lasers in the middle and far infrared spectrum to 
create photomechanical effects by generating cavitation in water or water-based fluids. 89  
 
The three dimensional effects created by the scatter of laser energy, when combined with 
the shear forces generated by cavitation from a static laser tip would seem to be a very 
promising approach to surface debridement. The scatter of laser energy from a 
microscopically rough surface would enhance the extent of photothermal disinfection 
achieved, so that under certain conditions laser treatment could render the implant surface 
not only decontaminated but also sterile. This stands in marked contrast to the effects of 
hand or ultrasonic scalers or particle jet devices, none of which can produce a sterile 
surface. 86 Likewise, decontamination and detoxification of a titanium implant surface cannot 
be achieved with hand curettes alone. In contrast, with a laser, the ability to decontaminate 
the implant is limited primarily by the degree of access that the laser energy has to affected 
implant surfaces. 43 
 
The choice of system used to deliver laser light then becomes an important consideration, 
with aspects such as the physical size and light distribution properties of the sapphire tips, 
glass and non-glass optic fibres, or hollow waveguides used to deliver laser light having an 
effect. 90 
 
The ability to sterilize the implant surface using laser energy would enable a range of 
methods to be used subsequently in therapy. Guided bone regeneration or bone grafting to 
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treat peri-implant bone loss both require a meticulously clean implant surface in order to 
achieve a good outcome. 91 Romanos et al. established that cell attachment and morphology 
after laser irradiation is equal to that of sterile implant surfaces. 92  Kriesler et al. examined 
the biocompatibility of contaminated implant surfaces after treatment with either air-powder 
abrasion or the Er:YAG laser. 93 The lowest cell growth and proliferation was seen for 
contaminated Ti surfaces, while cell growth was significantly greater on sterile (new), air 
powder treated, and Er:YAG laser-cleaned surfaces. 93 
 
Infrared lasers can exert powerful photothermal effects which can inactivate or destroy 
bacteria. The highly water absorbing far infrared energy from a carbon dioxide laser has 
potential application for destruction of bacteria. Deppe et al. found that the carbon dioxide 
laser when used for disinfection and when combined with soft tissue resection gave faster 
initial healing than conventional decontamination with soft tissue resection. 43 Nevertheless, 
the long term outcomes were not significantly different, particularly when bone levels were 
compared after 4 years. The authors of this study also pointed out that the shape of the 
defect could prevent perpendicular delivery of laser energy, and that optimal therapy with 
this laser when used for disinfection would require changes to the delivery system of the 
laser to make it side firing. They also noted that bleeding from the surgical site during the 
procedure would have reduced the amount of laser energy reaching the implant surface, 
and this attenuation by water absorption may have put the actual levels of energy well below 
those required for sterilization.  
 
As well as the Er:YAG and carbon dioxide lasers already mentioned, other lasers have been 
found to be of benefit in the treatment of PI.  Bach et al. found that near infrared diode laser 
irradiation reduced the rate of recurrence of PI to only 7%, most likely because of the 
disinfecting action of this laser. 94 Likewise, several wavelengths of laser light have been 
shown to impede the progression of bone resorption in PI treatment regimens. 95-97 
 
1.8.4.1 Guided Er: YAG lasers for implant surface decontamination   
 
Sterilization and cleaning of implant surfaces by infrared lasers has been demonstrated in 
several reports, 50, 89, 98 and surface decontamination has been reported for both CO2 and 
Er:YAG lasers. Bone has been found to reattach to implants after infrared laser irradiation 
in a PI models in dogs, suggesting that laser treatment leaves a biocompatible surface. 99, 
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100 While laser irradiation can rapidly reduce the bacterial load on an implant surface, it may 
not be able to render the surface sterile in all circumstances, depending on the geometry of 
how the laser light interacts with the biofilm on the implant surface. The ability of laser 
irradiation to reduce bacterial viability is influenced by the implant surface roughness.  
Kreisler et al. 91 found greater bacterial killing for laser energy delivered at right angles to 
the surface for microbial deposits on smooth surfaces, and lower effectiveness for those on 
rough surfaces. They also showed that intensity (power density) strongly influenced the 
disinfecting action. The importance of power density is also relevant to the range of laser 
actions including selective photo-thermolysis. Laser power density has to be optimized for 
bactericidal effects. There is some evidence that an 808 nm diode laser could 
decontaminate the titanium surface of an implant and thereby inhibit LPS-induced 
macrophage activation and help resolve the local inflammatory response. Any low level 
laser (bio-stimulation) effects of this nature are very highly correlated to power density as 
well as irradiance (total exposure). 101 
 
In order to optimize the effect of laser energy, it is important to achieve a side-firing effect 
so that laser light applied using a fiber which is parallel to the long axis of the implant is 
directed onto the implant surface at an optimal angle. Simplistically, one could consider this 
angle to be 90 degrees to the surface, however the presence of micro- or nano- roughness 
on implant surfaces means that a spread of angles should be even more effective. 
Depending on the laser wavelengths used, the optical fibres used to deliver energy to the 
side of a dental implant may be plain glass, glass which has been modified with fluoride, 
germanium, or other dopants to enhance infrared light transmission, or fibres made from 
rare earth element compounds such as germanium or gallium oxides. The latter are used 
with middle infrared lasers (Er:YAG and Er,Cr:YSGG). 
 
Fibres with plain 90 degree ends (from a right angle cleave of the fiber) emit light with a 
typical divergence of 18-20 degrees. Cone-shaped, periscope and other specialized 
applicators have been developed for the ends of optical fibres, to make them have 
enhanced side firing actions. 102 An alternative approach is to modify the end of the fibre 
itself, through various physical processes such as acid etching and particle abrasion. 102 
Using such methods, it is possible to create radial firing tips with cone-shaped ends to 
provide a broader pattern of light collection and emission than a right angle cleaved end. 
An interesting modification to the surfaces of glass and ceramic optical fibres involves the 
combination of various processes including tube etching, particle abrasion and further 
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etching, which creates unique surface architectures known as “honeycomb” surfaces, which 
increase transmission and collection of visible red and infrared light. 103, 102 Various 
modifications of the parameters used for this technique are required for doped glass fibres 
(e.g. a longer primary etch stage for fluoride-doped glass), or for fibres containing 
germanium.  
 
The applications of such honeycomb surfaces include broad lateral dispersion of visible red 
light as well as near and middle infrared light, for photodynamic and photothermal 
disinfection of subgingival areas and confined spaces, including biofilms present inside the 
root canals of teeth. Because of the wide spread of energy from these specialized fiber 
ends, there is less thermal stress in adjacent hard and soft tissues. 104 Such fiber ends can 
also be used for fluorescence detection of biofilms on complex surfaces, including those 
which are only several cell layers thick, and of free-floating planktonic bacteria, allowing 
autopilot guided debridement of the surface. 105 
 
1.8.4.2 Laser-induced damage to implant surfaces 
 
An important issue to consider with lasers is whether irradiation causes adverse changes 
to the implant surface. 89 One would expect that higher peak powers would cause greater 
alterations, and this has been shown for CO2 lasers, which are known to cause undesirable 
implant surface alterations when used in the super-pulsed mode (when there are very high 
peak powers), however little or no damage occurs when the same laser is used in 
continuous wave mode. 106 Likewise, the Er:YAG laser, which normally operates in free 
running pulsed mode, can cause damage to titanium surfaces when used at very high pulse 
energies or peak power settings. 93, 107 Such areas of damage have a melted volcanic 
appearance, which contrasts with the adjacent surface (Figure 1.3). For this reason, laser 
parameters such as peak power must be kept below the point where melting or surface 
ablation of titanium occurs, and water flow rates must be sufficient to minimize effects of 
plasma formation. 
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Figure 1.3: Laser debridement. A, Four day old biofilm growing on micro-rough abraded 
titanium surface, prior to laser treatment. The biofilm was established using the methods 
discussed in Chapter 4 from a saliva inoculum. Individual bacteria are embedded into a 
dense matrix. The scale bar represents 2 m. B, The surface after application of 120 mJ 
Er:YAG laser pulses with a fine mist water spray. The original abraded surface can now be 
seen (1), as well as a large central area where the titanium surface has been melted by 
laser pulses (2), and regions with remaining biofilm which have not yet been treated (3).  
 
 
A further issue when using a powerful laser is the possibility of adverse thermal effects on 
bone. If the laser energy is absorbed strongly into titanium (as occurs with the Nd:YAG laser 
at a wavelength of 1064 nm), not only can the surface be damaged, but the heat generated 
can be transferred to the adjacent bone. 108 For safe clinical use, the temperature elevation 
which occurs in the peri-implant bone as a result of laser irradiation should be less than 10 
degrees Celsius, since bone temperatures of 47 degrees Celsius or above may result in 
bone necrosis. 109 Using fibres and tips which emit laser energy in a side-firing manner 
lowers the total irradiance of the bone, whilst still achieving even irradiation along the length 
of the exposed threads. 90 Low average powers will also preserve the morphological and 
chemical characteristics which provide titanium with its excellent biocompatibility. 
 
In summary, the concept of using lasers to treat implant surfaces seems promising, however 
certain technical issues remain to be addressed, including controlling the laser effect (for 
example, through fluorescence feedback), achieving the correct geometry for delivery of 
laser energy (such as by using side firing fiber tips), and controlling undesirable thermal 
effects on the titanium surface and on the adjacent supporting bone. 90-92 Laser treated 
surfaces have high biocompatibility, as shown in laboratory and clinical studies. 94-96, 110 
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1.9 Electrochemical disinfection using electrolysis  
 
The concept of electrochemical disinfection is a very recent development in the quest to 
find a better method for implant biofilm removal. This approach uses electrical current to 
disrupt the physical structure of the biofilm and/or to detach the biofilm from the surface of 
the metal. Conventional chemical approaches do not penetrate to the full depth of the 
biofilms, and they struggle to achieve sufficient levels of kill because the susceptibility of 
bacteria in biofilms to common biocides is reduced by 500-5000 times compared to bacteria 
in the free floating planktonic form. 111 As the biofilm on implant surfaces is a diverse 
community, using just one biocide is unlikely to be effective. 112 
 
By understanding the structure of the biofilm and where it is the weakest, a targeted 
approach can be applied to disrupt the biofilm on a cellular level. This is where the concept 
of electrolysis becomes relevant. Because the extracellular polysaccharide (EPS) matrix of 
a biofilm is electrically charged, when an electrical current is applied through the biofilm this 
may disrupt the EPS. Electrical current may also enhance the penetration of certain charged 
biocides into the biofilm. 113 
 
Electrical current can flow through titanium implants. Titanium as a metal has an electrically 
conductive nature, so it should be possible to pass an electrical current through it and 
therefore through any overlying biofilm, with the aim being to cause disruption and removal 
of the attached biofilm without any physical debridement being required, and without 
causing clinically significant damage or modification to the fixture surface. 114, 115  
 
1.9.1 Electrolysis reactions  
 
Application of direct current voltages above 1.23 volts causes decomposition of water into 
oxygen gas (from oxidation at the anode) and hydrogen gas (from reduction at the cathode). 
Rabininivitch and Stewart demonstrated electrochemical disinfection of on biofilms of 
Staphylococcus epidermidis grown on a stainless steel anode, 116 noting that after 30 
seconds much of the biofilm was visibly removed, and there was a 4 log reduction in viability. 
116 How these types of effects could be applied to titanium surfaces has not yet been 
explored in detail.  
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Bearing in mind that in the clinical situation the fluid environment around an implant fixture 
is not pure water but a physiological solution containing sodium, potassium, chloride, 
bicarbonate and other ions, the effects of electrical currents are more complex. For 
example, in the presence of saline (sodium and chloride ions in water), the reaction products 
include chlorine gas (at the anode) and hydroxyl ions (at the cathode, from aqueous sodium 
hydroxide). Both hydroxyl ions and chlorine gas can have powerful disinfectant actions. 
Adding to this, the generation of bubbles of gas would in itself have some physical disrupting 
effect on biofilms, as has been suggested by Mohn et al. which could aid in detaching biofilm 
from the surface.117 
 
As already mentioned, the antimicrobial effects of charged biocides could be enhanced by 
the use of an electrical current through the biofilm, and this has been termed the ‘bioelectric 
effect’ (discussed further below). 113 Thus, by a combination of different actions, applying 
electrical current could augment or even replace traditional approaches to biofilm removal 
from titanium dental implants. 117 If properly controlled, the generation of chlorine gas at the 
cathode could help disrupt biofilm or cause it to detach from the surface, thereby giving a 
level of disinfection of the implant surface. 117 The pH environment of the biofilm will also be 
altered because of electrochemical effects including production of hydroxyl ions at the 
cathode, which could affect its viability. 
 
Past work for electrolysis has employed high voltages (i.e. well above the critical breakdown 
voltage of 1.23 volts), because a belief that higher voltages (the so-called “overvoltage 
effect”) will enhance the reaction rate. However, the use of high voltages raises concerns 
for safety for any clinical application. An alternative approach is to use voltages at or below 
the level where water electrolysis reactions are triggered. Hypothetically, in the presence of 
saline, it should be possible to gain the benefits of electrochemical effects at a very low 
voltage, around 1 volt DC. At such low voltage levels it is then necessary to determine what 
level of current is required (in milliamperes). No past studies have not shed light on what 
level of current flow is critical for biofilm removal. 114, 115, 117, 118 
 
Another limitation of past work has been the lack of complexity of the biofilms used, as 
previous authors have used single or dual species biofilms grown on titanium surfaces using 
a disc model, rather than complex multi-species biofilms.  
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The use of electrochemical processes for disinfection has potential for use both as a clinical 
intervention as well as a strategy which could be enacted by patients in their own mouths, 
provided that a suitable source of low voltage direct current can be provided. As a method 
to extend the existing range of options, the use of electrical current has appeal because of 
its simplicity and because it could augment other methods such as biocides, particle jets 
and mechanical instruments. It could, for instance, serve as a second step to follow 
treatments such as particle jets. Likewise, the possible use of electrochemical processes in 
the home oral care environment is interesting, since this could be done between 
professional hygiene appointments – and could begin from the time of implants becoming 
exposed to saliva. Newly inserted implants have been reported to develop a subgingival 
biofilm within four weeks after placement, 27 which then can progress to biological 
complications within three years of function. 119 An intraoral device based on an 
electrochemical disinfection concept could delay biofilm maturation by dispersing biofilm off 
the surface of the fixture and attached metallic abutment at periodic intervals. The 
appropriate parameters would need to be determined, so that there was no loss of some of 
the titanium surface itself through electrolytic corrosion. It remains to be determined how 
electrical effects influence the integrity and biocompatibility of the oxide layer.  
1.9.2 The bioelectric effect  
 
In 1992, Blenkinsopp proposed that applying a small electrical current could enhance the 
effects of an antimicrobial agent, 113 and this was termed the ‘bioelectric’ effect. 113 A 
constant low current applied at a voltage well above the electrolysis threshold of water has 
been shown to remove up to 80% of the adherent biofilm from a conductive material after 
20 minutes of treatment time. 120 It is also known that a low electrical current flow (1.5-10 
mA) through titanium is able to enhance the antibacterial effects of chlorhexidine. 121 Al-
Hashedi et al. applied a current of 2.3 mA for 5 minutes at 1.8V and showed a reduction in 
bacterial viability and in the number of attached bacteria on an implant. They went on to 
suggest using a titanium brush first and then following this with electrochemical disinfection. 
115 
 
1.9.3 Chemical reactions in electrochemical disinfection 
 
The mechanisms by which electrical current can affect EPS and cells within biofilms are not 
as yet understood fully. Other than the generation of hydroxide ions and chlorine gas as 
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already discussed, there are other mechanisms which be operating such as effects due to 
surface charge. Changes in charge influence the binding and attachment of bacteria. Once 
attachment of bacteria onto the surface has occurred, biofilm then accumulates and 
matures, and the nature of the original surface becomes a less important factor. 125 
Following this line of thinking, Busscher et al. have suggested that the weakest link in a 
biofilm is the bond formed between the initial colonizing bacteria and the surface, and this 
bond is prone to disruption by the low of an electrical current. 122 
 
As mentioned previously, the electrolysis of NaCl in water will generate sodium hydroxide 
and chlorine gas. There are also possible downstream chemical reactions for other reaction 
products which could generate reactive oxygen species,123 or hydrochloric acid. 123 
 
1.10.1 Overall objectives:  
 
Non-surgical management of PI has to date been unpredictable in terms of achieving key 
objectives such as resolving inflammation and bleeding on probing, and improving clinical 
attachment levels. 124-126 There remain considerable gaps in the literature regarding 
effective methods for managing biofilms who do not involve surgical access to the 
subgingival regions of the implant. Table 1.2 below summarizes areas of previously 
published work, and identifies areas which have not yet been examined closely. An 
important gap exists for how any particular method of debridement affects different types of 
implant surfaces. 
 
The series of experiments described in this thesis focus on non-surgical treatments. The  
rationale for this is that closed debridement/non-surgical approach can be followed by 
members of the dental team such as a dental hygienists and oral health therapists, 
recognising that cases of severe PI would always be managed by the dentist or dental 
specialist. The choice of methods examined in the thesis is therefore on approaches that 
could be utilised to remove biofilm from implants and thus cause resolution of soft tissue 
inflammation. The intention is that such methods if effective could reduce the need for 
surgical therapy.  
 
Froum and Rosen in 2012 proposed a classification for the severity of PI based on clinical 
factors such as probing depths and radiographic bone loss. 127 Their classification of ‘early’ 
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was for tissue loss measuring up to 4 mm in probing depth and less than 25% bone loss of 
the implant length radiographically; ‘moderate” was for probing depths up to 6 mm and 35-
50% radiographic bone loss; while ‘advanced’ was 8 mm probing depths and bone loss for 
greater than 50% of the implant length. All moderate to advanced cases should be referred 
to dental specialists for further management.  
 
 
 
Table 1.2: Summary of previously published work presented in a table. The clear (white) 
cells are where gaps in terms of knowledge of how the debridement technique affects the 
implant surface, in the presence or absence of biofilm.  
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1.10.2 Proposed studies 
 
The work in this thesis is intended to add to the knowledge base regarding methods of 
removing biofilm from titanium implant surfaces that would be relevant to the clinical 
treatment of a surface of an implant afflicted with PI using a closed debridement approach. 
The thesis examines the performance of various debridement methods when used in 
isolation, however it is acknowledged that unless a particular method results in a perfectly 
clean surface, then these methods may need to be used in various combinations. The scope 
of the PhD work does not include open surgical debridement of the implant surface or 
implantoplasty, where the threads and other surface irregularities are removed using a bur 
to create a smooth surface. This invasive approach requires intervention by a dentist or 
dental specialist. Such procedures are outside the clinical scope of practice of oral health 
therapists. Closed debridement by an oral health therapist or dental hygienist can 
nevertheless support surgical treatments provided by dentists for PI.  
 
1.10.3 Hypothesis  
 
The overarching hypothesis for this thesis is that a range of alternative methods can be 
used for removing biofilm from the surfaces of titanium implant fixtures, without causing 
significant adverse surface changes. These methods include those based on mechanical, 
electrical (electrochemical), and optical (photomechanical and photothermal) effects. 
 
1.11 Aims  
 
This project has the following aims: 
 
1. To develop in vitro methods for biofilm generation on dental implant surfaces suitable 
for the study of novel methods of debridement. 
 
2. To assess the performance of novel and established methods for the debridement of 
dental implant surfaces. 
 
3. To employ both quantitative and qualitative methods to assess dental plaque biofilms 
remaining on implant surfaces after debridement. 
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1.12 Clinical significance 
 
While devices and methods for professional implant maintenance are constantly being 
developed, further work is needed to assess the performance of these methods, in order to 
choose those that are suitable for debridement of all types of implant surfaces. At present, 
it is unknown which debridement approaches will provide the best method for biofilm 
removal, without causing adverse changes to the implant surface. The results of this thesis 
could help inform clinicians and manufacturers regarding the choice of methods for different 
implant surfaces.  
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Chapter 2 
 
Surface preparation methods for producing 
desired surface characteristics on titanium. 
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2.1 Introduction:  
 
Dental implants are manufactured from commercially pure titanium or titanium alloys. 
Titanium was introduced in the 1950’s and since has become a popular implant material 
because of its excellent biocompatibility and mechanical properties. In the original implant 
protocol of Brånemark, the titanium was shaped on a lathe and the resulting rod shaped 
fixture had a smooth surface from the machining process. When inserted into the bone, a 
period of 3-6 months was allowed for osseointegration. 128 The original surface roughness 
(Sa) value for the machined titanium surface was reported as 0.9 µm. 1 
 
Modern moderately roughened surfaces: 
 
The majority of implants used today have textured surfaces produced by techniques such 
as abrasive particle jets, acid etching, anodic oxidising, and laser etching.2 The surface 
roughness of modern implants falls into three categories according to their surface 
roughness: smooth (Sa less than 0.5 µm), minimally rough (Sa from 0.5-1 µm), and 
moderately rough (Sa from 1-2 µm) and rough (>2 µm). The surfaces of most current 
implants fall into the moderately rough category. 129 
 
Manufacturers continue to experiment with different types of surfaces, spurred on by growth 
in the use of dental implants. The dental implant market will reach an estimated worth of 
USD $4 billion by 2022, and it is projected to grow by 7% per annum worldwide. 130-132 In 
the Australian context, it was reported in 2014 that there an average of 75 implants were 
placed per 10,000 population. 133 In Europe, the implant market has been projected to grow 
at 5.22% over a period from 2014-19, mostly driven by major manufacturers such as 
Dentsply, Nobel Biocare, Straumann and Zimmer. 132 
 
Since the late 90s, implant research has focused on improving the rate of osseointegration 
by modifying the implant surface, by creating micron scale roughness, to alter the host 
reaction to the implant when the implant is placed. Immediately upon insertion into the bone, 
blood and proteins cover the surface, and the ensuing attachment of proteins and cells is 
critical for osseointegration. Different surface properties can alter cell signalling processes 
and so enhance healing, 129, 134 with the goal being to enhance bone formation and bone to 
implant contact. 1, 2, 129 
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After being shaped in a milling machine, modern titanium implants undergo one or more 
surface treatments to create the desired patterns of microscopic roughness. The most 
common method is particle jet abrasion with alumina or titanium particles, followed by 
etching in a mixture of hydrofluoric acid, nitric acid and/or sulphuric acid at boiling point. 135 
The resulting surfaces are quite different from the polished/machined surfaces. 1 
 
Another method of altering the surface is anodisation. The TiUnite™ fixture from Nobel 
Biocare, which claims to have a 30% market share worldwide, 131 has a porous rather than 
smooth surface, with an Sa of 1.1 µm, 129 and pores ranging from nanometres to several 
hundred micrometers in diameter. To achieve this surface, the titanium is first placed into 
an acidic solution, where it serves as the anode against a platinum cathode in a galvanic 
cell containing a mixture of phosphoric acid and various electrolytes. Following this, an 
electrical current is applied at a moderate voltage (100-250 V), 136 and this increases the 
thickness of the surface oxide later from 5 nm to around 10 µm. The thickness can be 
altered by changing the applied voltage, current flow, or the composition, pH or temperature 
of the electrolyte solution. 129, 137 
 
Another popular method of implant surface treatment is to combine sand blasting and acid 
etching to give the so-called SLA surface, which is highly conducive to the formation of 
bone and may reduce the required healing time before loading. 135 The abrasive used for 
the first step is typically aluminium oxide at medium to large grit (50-100 µm), to create 
valleys in the surface, 129 while the acid etching involves either mixtures based on 
hydrochloric or sulfuric acid, or a pickling treatment using hydrofluoric acid, sulfuric acid 
and/or nitric acid. The acid treatment removes surface contaminants, creates ‘micro-peaks’ 
and increases the surface roughness. Any alumina particles which have become embedded 
into the surface should then be dissolved away by the acid etching step. The final surface 
has a Sa value of 1.5-2 µm, as well as a high surface energy and reactivity. The surface 
has a series of microscopic pits 0.5-2 µm in diameter, and craters ranging from 20 to 100 
µm in diameter. 129, 138 If the acid etching is done using an elevated temperature, the surface 
oxide layer will be thicker. 137 Each manufacturer is expected to have their own in-house 
parameters for acid etching in relation to composition, temperature and concentration of the 
etchant solutions and the exposure times used to produce their unique implant surface. In 
addition, the final surface characteristics are also influenced by handling and storage of the 
prepared implant.  
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An alternative to traditional corrosive mineral acids for titanium etching is Multi-etch, used 
as an alternative to hydrofluoric or nitric acids. 139 According to the MSDS, this etching 
solution is water-based and contains di-ammonium peroxodisulphate and sodium fluoride. 
140 Unlike hydrofluoric or nitric acids, Multi-etch does not pose considerable occupational 
health hazards and it does not need to be neutralized prior to being disposed of after use. 
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The nature of the surface is known to influence biofilm formation, and several authors have 
proposed that an increase in surface roughness and surface free energy enhances the early 
adhesion of bacteria to titanium. 141-143 such that the rougher the surface is, the more biofilm 
it will attract and support, irrespective of how hydrophilic the surface is. 143 A key point is 
that the ability to support biofilm growth is the primary consideration in peri-implant disease 
causation, not the roughness of the surface per se. 144 There is, however, a suggestion that 
that once disease has occurred, the rate of progression may be greater for implants with 
an anodized porous surface as compared to an SLA surface. 144 
 
Aims: 
1. To establish a process for achieving on titanium discs a surface similar to 
commercial dental implants for later studies of biofilm removal. 
2. To characterize the surfaces obtained using optical profilometry, scanning electron 
microscopy and elemental analysis techniques. 
 
2.2 Methods: 
 
A total of 30 grade 4 commercially pure titanium (cPTi) discs (Ø 10mm) were used. The 
uppermost (smooth and unlabeled) surface was used for one of three treatments. 
 
Titanium discs were used since their surface is flat and therefore standardized for 
assessments of gross or macroscopic changes to surface topography. The discs were 
obtained from a commercial supplier (HLMET Co. Ltd, Shaanxi, China) and were provided 
with a machined surface, which had periodic markings typical of milling machine production.  
 
Group 1 (Polished): To establish a smooth surface as the platform for later modifications to 
the surface, the supplied discs with their machined surface were polished to give a 
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consistent starting point for the samples in Group 1. Ten discs were polished with a 
CarbiMet 600 grit (15 µm size) aluminum oxide paper abrasive disc (Buehler, IL, USA) at a 
rotational speed of 400 rpm until a visibly smooth finish was achieved. Following this, each 
disc was polished to a mirror finish with a slow speed handpiece rotating at 500 rpm using 
a prophylaxis rubber cup with pumice and then a fine prophylaxis paste containing 50 µm 
particles of aluminium oxide (Rolloblast, Renfert, Hilzingen, Germany).  
 
Group 2 (Abraded): Ten discs were abraded with 50 µm diameter alumina oxide particles 
(Rolloblast, Renfert, Hilzingen, Germany). Each disc was treated for two seconds at a 
distance of 10 mm using pressure of 3 bar, to create a visibly evident matte surface. The 
discs were then rinsed in distilled water then cleaned in distilled water in an ultrasonic bath 
at 45-50ºC for 15 minutes to remove embedded aluminium oxide particles.  
 
Group 3 (SLA): Ten discs were first polished as for Group 1, then abraded with 50 µm 
aluminium oxide particles as for Group 2, before being washed in distilled water and 
cleaned in an ultrasonic bath. After being dried, the discs were etched using Multi-etch® 
(Reactive Metals Studio, AZ, USA) for five minutes in a transparent plastic container. The 
etchant was kept at a constant temperature of 50ºC, and agitated using a magnetic stirrer. 
After a final rinse in distilled water for two minutes, the discs were left in a fume hood 
overnight.  
 
Optical profilometry:  
 
All 10 samples from each treatment group were assessed using non-contact optical 
profilometry, with an Olympus LEXT OLS4100 system (Olympus Corporation, Shinjuku-ku, 
Tokyo, Japan). Each scanned area covered 259 x 259 µm and the working distance was 
350 µm. The Z sequences of images were adjusted so the lower limits of the image was in 
focus and 229 steps were taken in a 9 µm depth, and this was generated using the 50x 
objective lens fitted with a Gaussian filter. Roughness measurements were collected under 
white light microscopy using the ‘Multi-Layer’ mode with the supplied Olympus LEXT 
software. Values for the arithmetic mean of the roughness area from the mean plane (Sa) 
were determined, as well as the maximum height of the surface (Sz), skewness (Ssk), the 
maximum peak height (Sp), the maximum valley depth (Sv), and the mean square 
roughness (Sq).  
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Statistical analysis:  
 
Data from the 10 samples per group were used to calculate means and standard deviations 
in micrometers, and differences between the three groups were assessed using one way 
ANOVA. A probability value of P < 0.05 was used as the significance level. 
 
SEM and elemental analysis:  
Two discs from each group were mounted onto aluminium stubs using a conductive carbon 
tab, and viewed with a Field Emission SEM (Zeiss Sigma VP, Jena, Germany) at 
standardised magnifications (1000x, 5,000x, 10,000x and 20,000x) using secondary 
electron mode at an accelerating voltage at 15 kV under high vacuum conditions and a 
working distance of 10 mm.  Elemental analysis was performed using an energy-dispersive 
spectroscopy detector (XMax 50 Silicon Drift Detector, Oxford Instruments, Oxfordshire, 
UK) under high vacuum conditions.  
2.3 Results: 
 
Surface parameters:  
Data for surface roughness (Sa) are shown in Table 2.1. Within each group, the variation 
between the 10 samples was low, and the data sets followed a normal distribution indicating 
that a consistent surface preparation had been achieved. The Sa values were 0.58 ± 0.10 
µm for the polished group, 1.44 ± 0.12 µm for the abraded group, and 1.30 ± 0.17 µm for 
the SLA group. And the results did fit within the normal distribution of values as shown in 
Table 2.1.  
 
The root mean square roughness (Sq) was 0.70 ± 0.13 µm for the polished group, 1.87 ± 
0.14µm for the abraded group, and 0.74 ± 0.13 µm for the SLA group. With regard to the 
maximum height profile (Sz), the greatest peaks were found in the abraded group (21.33 ± 
1.88 µm), followed by the SLA group (17.62 ± 2.82 µm) and then the polished group (11.72 
± 4.21 µm). The same trend was seen for maximum valley depth (Sv), which was highest 
at 8.49 ± 1.27 µm in the abraded group, lower at 6.10 ± 2.52 µm for the SLA group, and 
least at 4.19 ± 2.30 µm for the polished group. 
 
The maximum profile peak (Sp) was also highest in the abraded group at 12.84 ± 0.92 µm, 
followed closely by the SLA group at 11.52 ± 1.09 µm, and then the polished group at 7.53 
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± 2.99 µm. The abraded group had the least sample to sample variation with the smallest 
SD value of the three groups. 
 
Considering the data for height characteristics (Ssk), there were more peaks in the polished 
group (0.23 ± 0.9 µm) followed by the SLA group (0.17 ± 0.38 µm) and then the abraded 
group (0.10 ± 0.10 µm), indicating that there are more valleys than peaks in the abraded 
group.  
 
Table 2.1: Surface topography at the micrometre level.  
Group Sa Sq Sz Sp Ssk Sv  
Polished (P) 0.58 ± 
0.10 µm 
0.74 ± 0.13 
µm 
 
11.72 ± 
4.21 µm 
7.53 ± 2.99 
µm 
0.23 ± 
0.9 
4.19 ± 2.3 
µm 
Abraded (A) 1.44 ± 
0.12 µm 
1.87 ± 0.14 
µm 
 
21.33 ± 
1.88 µm 
12.84 ± 
0.92 µm 
0.10 ± 
0.10 
8.49 ± 1.2 
µm 
SLA 1.30 ± 
0.17 µm 
1.63 ± 0.21 
µm 
17.62 ± 
2.82 µm 
11.52 ± 
1.09 µm 
0.17 ± 
0.38 
6.10 ± 2.5 
µm 
Comparing 
all 3 groups 
P<0.001 P<0.001 P<0.001 P<0.001 NS P <0.01 
SLA vs 
Abraded 
NS P <0.01 P<0.05 NS NS NS 
SLA vs 
Polished 
P<0.001 P<0.001 P <0.01 P<0.05 NS NS 
Polished vs 
Abraded 
P<0.001 P<0.001 P<0.001 P<0.001 NS *** 
 
Data show mean and SD from N = 10 samples per group. NS = Not significant.  
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Figure 2.1: Light microscope images from the OLS4100 at 50x magnification for three 
different Ti surfaces. (A) Polished, (B) Abraded, (C) SLA. Scale bar is 50 µm. 
 
      
 
 
 
 
 
 
Figure 2.2: Reflectance of light showing surface height characteristics by colour. (A) 
Polished, (B) Abraded, (C) SLA. Green = a high peak surface, blue = moderate and purple 
= the lowest point of the step height. This was measured by the OLS4100 microscope at 
50x magnification. Scale bar is 50 µm. 
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Scanning electron microscopy and elemental analysis:  
 
Polished group:  
These samples showed a generally smooth surface (Figure 2.3), with small scratch marks 
evident at 1000x, but other than faint scratch marks no other surface features were evident, 
even at high magnification (up to 20,000x). The elemental analysis showed that the surface 
was comprised of Ti (57.5%) and oxygen (41.4%), with only a trace of contaminating carbon 
(1.1%) (Figure 2.4). The irregularities on this polished surface were a result of the lathe-
based machining process.   
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 2.3. Polished Ti surface. (A) 1000x, (B) 5000x, (C) 10,000x, (D) 20,000x.  
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Figure 2.4. Elemental analysis of a polished disc from Grade 4 cPTi. 
 
 
Abraded group:  
These samples showed an irregular surface which appeared rough and irregular (Figure. 
2.5). At high magnification, occasional fragments of aluminium oxide abrasive could be 
seen embedded or trapped in the surface.  
 
The elemental analysis confirmed the presence of aluminium on the surface (Figure 2.6). 
The elemental composition was similar to the Southern ITC implant surface  
Figure 2.10A and Table 2.2.  
  
A 
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Figure 2.5. Abraded Ti surface. (A) 1,000x, (B) 5,000x, (C) 10,000x, (D) 15,000x. 
 
 
Figure 2.6. Elemental analysis of an abraded disc roughened with alumina oxide particles.  
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Table 2.2. Elemental composition 
Sample Surface Titanium Oxygen Carbon Aluminium 
Disc Polished 57.5% 41.4% 1.1% ND 
Disc Abraded 41.8% 43.2% 1.1% 13.9% 
Disc  SLA 57.8% 41.2% 1.0% ND 
Southern ITC 
(Abraded) 
39.0% 42.4% 2.5% 11.0% 
Straumann Standard 
(SLA) 
58.2% 41.0% 0.8% ND 
 
Data show elemental composition by percentage. ND = not detected. 
 
 
SLA group:  
 
As shown in Figure 2.7, the SLA surface displayed a honeycomb-like undulating etched 
surface. No residual particles of abrasive were seen. The surface exhibited nano-scale 
features when viewed at 20,000x magnification (Figure 2.7D). This SLA surface had similar 
topographical features to the Straumann SLA surface (Figure 2.9B) when viewed at 1000x. 
The EDX data indicate that after the application of the Multi-etch, residual alumina particles 
have been removed, since no aluminium was present and the surface was composed only 
of Ti (57.8%) and oxygen (41.2%), as shown in Figure 2.8. This composition is comparable 
to that of the Straumann SLA surface, as shown in Figure 2.10B.  
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Figure 2.7. SLA Ti surface. (A) 1,000x, (B) 5,000x, (C) 10,000x, (D) 20,000x. 
 
 
Figure 2.8. Elemental analysis of SLA disc prepared with Multi-etch. 
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Figure 2.9. (A) Southern ITC implant surface at 1000X and (B) Straumann Standard SLA 
at 1000x 
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(A)   
(B)  
 
Figure 2.10. Elemental analysis of (A) Southern ITC implant surface (Abraded/Grit 
blasted) and (B) Straumann Standard (SLA) surfaces.  
B 
A 
A 
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2.4 Discussion: 
 
This study shows both quantitative and qualitative differences between mirror polished, 
matte abraded and SLA surfaces created on titanium discs, as well as similarities between 
surfaces created in the laboratory and those of commercial dental implants. The surfaces 
were characterised by SEM, 2D and 3D profilometry and EDX. Moreover, the same 
surfaces were used in a pilot study to establish a multi-species biofilm from saliva (Table 
1.1). Taken together these data indicate that the surfaces generated on flat titanium discs 
have microscopic features which are comparable to existing commercial implant systems 
(as shown in Fig. 1.1 A-G) and allow biofilm formation. The elemental composition of 60% 
Ti and 40% oxygen was strikingly similar between the different laboratory surfaces and 
commercial dental implants, with the single exception of the abraded surface where 
aluminium was present because of residual abrasive particles. 
 
The abraded surface created in the laboratory had similar features to the Southern ITC 
implant surface which was created by abrasion. The Multi-etched SLA surface had similar 
features to the Straumann implant surface, even though the micropeaks were not as 
prominent. 
 
At the qualitative level, the use of the Multi-Etch solution on an abraded surface gives rise 
to a textured surface with nano-scale features that are well controlled, etched over a longer 
period of time and reproducible, whilst avoiding the need to use corrosive mineral acids and 
extreme temperatures. This offers advantages from the standpoint of occupational health 
and safety. Previous attempts were made to create an SLA surface by etching using 0.1% 
hydrofluoric acid at room temperature for one minute, but the resulting surface did not 
resemble commercially available SLA surfaces (As shown in Appendix 2), and there was 
much variation in surface topography.  
 
In terms of quantitative differences between the three surfaces, the full range of surface 
parameters were assessed (Sa, Sq, Sv, Sz, Sq and Ssk). The Sa parameter describes the 
overall average roughness of the sample in the area being measured area, but it does not 
differentiate between peaks and valleys. Previously, Wennerberg et al. emphasized the 
benefits of undertaking an assessment which includes three rather than two dimensions, to 
gain greater information regarding height deviations. In other words, they proposed that 
average 2D measurements (such as Ra, Rz, Rv, Rq, Rsk) were not as informative as the 
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3D counterparts (Sa, Sz, Sv, Sq, Ssk). 129 S values are not influenced by the direction of 
measurement in a straight line.  
 
In the present study, the Sa values reflected the fact that the polished surface was the 
smoothest, the abraded surface the roughest, and the SLA surface created from sequential 
polishing, abrading and etching steps was intermediate between the two. 
 
The Sz parameter measures the ten-point height and measures the maximum profile height 
by adding the height of the largest peak (Sp) and largest valley (Sv). 145 The greatest value 
for Sz (21.33 ± 1.88 µm) was seen for the abraded surface, where the variation between 
the amplitude was the highest out of the three groups, consistent with this surface also 
having the greatest value for maximum peaks (Sp = 12.84 ± 0.92 µm), a deeper valley 
depth (Sv = 8.49 ± 1.27 µm) as well as greater skewness (Ssk = 0.10 ± 10 µm) compared 
to the other two groups.  
 
The biocompatibility of the SLA surface generated in the study is a matter of interest. This 
should possess a thin oxide layer, since the oxide layer will form spontaneously when 
freshly etched titanium is dried and then exposed to air and water vapour. The typical 
thickness of this layer under such conditions is up to 10 nm, and its presence is responsible 
for the titanium being corrosion resistant as well as biocompatible with bone. 148 An oxide 
layer thickness of 4µm is regarded as sufficient for osseointegration. Elemental analysis 
samples from within a surface layer so does not give an indication of the thickness of the 
oxide layer. The thickness of the oxide layer needs to be investigated further using 
appropriate methods such as X-ray photoelectron spectroscopy (XPS).  
 
To achieve a thicker oxide layer, etching protocols can be altered. For Multi-Etch, the 
information provided on the manufacturer’s website (www.multietch.com) states that etched 
titanium will produce an oxide layer which is 127 µm thick after 15 minutes in this solution. 
Therefore, an etching time of 5 minutes should produce an oxide layer which is 
approximately 42 µm in thickness. 139 
 
The focus of this part of the thesis was on the production of polished, abraded and SLA 
surfaces on titanium discs. Such surfaces could readily be produced on discs under 
laboratory conditions, and they align with the surfaces on common types of dental implant 
systems used both historically and at the time of the research being undertaken. It is 
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recognised that other types of implant surfaces also exist, and the replication of these 
surfaces under well described laboratory conditions would facilitate further work in the field. 
A challenge with implant systems such as TiUnite™ (Nobel Biocare) is that the surface 
characteristics cannot readily be replicated in the laboratory as the production method uses 
proprietary technology to coat titanium oxide onto the surface through spark anodization, 
with the intention being to make the surface an osseo-conductive ceramic biomaterial. 248 
 
2.5 Conclusion:  
 
When viewed by the unaided eye, the visible appearance of the SLA surface created using 
the protocol employed in this study resembles that of commercial implants with SLA 
surfaces in that it has a dull matte grey colour. Likewise, when examined by SEM the 
abraded and SLA surface resembled that seen on commercial implant fixtures, as seen in 
Figure 2.10. This complex surface should be suitable for the growth of complex multi-
species biofilms. The quantitative analyses of surface topography by profilometry showed 
little variation between samples with SLA surfaces, indicating that the surface treatment 
protocol provides a reproducible surface that is as rough and features micro topographies 
compared to commercial implant surfaces.  
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Chapter 3 
 
Mechanical debridement techniques 
modify the surface characteristics of Titanium discs in vitro. 
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3.1 Introduction  
 
As discussed in the Literature Review, dental implants have been used for over 40 years 
with good clinical success in most sites in the mouth. 146 Most often the material used for 
the fixture is commercially pure titanium (Ti) or a titanium alloy. These metals and alloys are 
biocompatible, corrosion resistant, lightweight, and durable. The surface can be plain or can 
be treated to create various textures without affecting its biocompatibility. 1, 4 
 
Whist a rough implant surface can assist in favourable osseointegration, it also provides a 
favourable microenvironment for biofilm formation. 4 In vivo studies have shown that 
bacterial colonization of rough Ti surfaces is greater than that of smooth Ti surfaces. 5 Once 
the biofilm has been able to establish itself, conventional methods of debridement are not 
effective for its removal. 8 The continued presence of this biofilm over time promotes 
inflammation around the implants, 147 which can cause local tissue destruction, 26 through 
the host response to periodontal pathogens. 148, 149 Different protocols for professional care 
have been suggested, but it is unclear at present which is the most effective. 37 
 
Greater bacterial adhesion will occur with increasing surface roughness, 5 and a number of 
authors have shown that more bacteria adhere onto a rough Ti surface compared to a 
smooth surface. 6, 7 Beyond a certain level of roughness, the rate of biofilm formation may 
not continue to increase. This threshold has been suggested to be a surface roughness (Ra) 
of ≤0.2 µm. 150, 151 
 
As discussed previously, attempts to remove biofilm from the threaded portions of implants 
with conventional instruments are likely to leave remaining biofilm. 48, 88 In particular, the use 
of plastic and metal curettes/scalers, rotating titanium brushes or ultrasonic scalers may give 
a surface which is not conducive to osseous healing. 67 Traditional treatment approaches 
for treating teeth with periodontitis cannot be applied in the same way to the rough threaded 
surfaces of implants, 8 because the implant surface structure provides protected areas for 
biofilms, making them inaccessible. Ultrasonic scalers and stainless steel hand instruments 
are not effective on implant surfaces with threads, and when used injudiciously they may 
also cause surface damage, 65 while still leaving biofilm behind. 49 The roughness of the Ti 
surface is a major obstacle for the effective removal of bacteria and their products. 57 Indeed, 
the macro and micro topographical features of modern implant surfaces defy effective 
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debridement by mechanical means. Although a number of in vitro studies have shown that 
the use of plastic instruments will leave remnants on a rough surface, 58, 59 the implications 
for this in terms of soft tissue responses has yet to be clarified. One study found that the use 
of plastic instruments do not adversely influence gingival fibroblast attachment. 152 
 
Instruments available for implant surface debridement: 
 
1. Ultrasonic scalers: 
Ultrasonic scalers are important instruments in periodontal therapy. 56 In studies conducted 
since the late 1980s, they have been shown to be as effective as hand scalers in removing 
calculus deposits from teeth, 153 as well as subgingival plaque. 56 They disrupt plaque 
biofilms on the surface of teeth by creating high vibrational energy, with cavitation and 
shockwaves which shatter hard deposits. 154 Their action also releases dissolved oxygen 
from water, which increases the oxygen tension and affects strict anaerobes. Effective 
debridement is limited by how much contact the tip of the ultrasonic scaler has with the 
surface of the tooth.  
 
Recently, scaler tips have been released for implant surface debridement, including those 
made from titanium, plastic or graphite. Nevertheless, these suffer from the same limitation 
as hand instruments in that they cannot access the undercut regions of threads. 48 A number 
of manufacturers have released so-called ‘implant safe’ ultrasonic inserts, 61 which are made 
of carbon fibre, silicon or plastic. There is some evidence that ultrasonic scaler tips designed 
for implant debridement do not modify the surface topography excessively. 48, 61 On the other 
hand, some investigators have proposed deliberately reducing the roughness of the implant 
surface to reduce the attachment of bacteria, using an open debridement (surgical flap) 
approach. 62, 63 
 
For rough implant surfaces, including SLA, a number of studies have reported that non-
metal hand instruments and ultrasonic scaler tips gave similar surface roughness to 
untreated controls. 145, 155 In contrast, using an ultrasonic scaler with a metal tip will result in 
a ‘flattening’ effect on microscopic surface projections, which reduces the overall surface 
roughness. Furthermore, it has been suggested that applying metal instruments onto 
smooth Ti surfaces will increase the surface roughness, regardless of whether the metal 
instruments are made of titanium or stainless steel. 88 
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From a clinical perspective, several studies have compared hand and ultrasonic 
instruments. When the ultrasonic scaler was compared with a carbon fibre hand curette, 
Karring et al. found that both gave an initial reduction in bleeding on probing (BOP), but 
there were reductions in pocket depths or gains in bone levels after 6 months. 64 Renvert 
compared debridement of PI sites with ultrasonic scalers versus Ti hand scalers, and once 
again found no significant difference between these when oral hygiene remained poor and 
initial BOP scores were high. 8 
 
2 Hand instruments: 
Like stainless steel hand instruments, traditional ultrasonic scaler made from stainless steel 
damage implant surfaces. 88 Hand scalers cannot access threads and decontaminate 
surfaces of implants to an acceptable level for tissue compatibility. Remnants of biofilm will 
remain after their use, however, as is the case with root surfaces of teeth, it remains 
unknown how much biofilm can be tolerated after debridement. 156 In parallel with studies of 
periodontal instrumentation, the emphasis is on the removal of biofilm rather than the choice 
of instrument choice. 157 
 
2.1 Plastic curettes/scalers:  
Whilst plastic-based instruments do not result in surface modification around titanium 
abutments and implant fixtures, 53, 88 they leave residue inside the pocket or on the implant 
surface, 62, 160 which may act as a predisposing factor for the retention of plaque and thereby 
for the persistence of an inflammatory response. 158 Plastic-based instruments that are 
marketed as ‘implant safe’ are inferior to abrasive particle jets in terms of their ability to 
remove biofilm. 48 The residue from plastic instruments may impair healing and interfere with 
osseo-integration. 159 Because past studies that examine plastic hand instruments have 
primarily been conducted in vitro, the biological impact of plastic residues remains unclear.   
 
2.2 Carbon fibre (graphite) scalers:  
Graphite scalers are marketed as “implant safe” debridement instruments. From a practical 
perspective, they are thick and wide which makes their use difficult in peri-implant pockets. 
The graphite material is more rigid than the plastic used in plastic hand instruments, and is 
more prone to fracture at the shank if excessive pressure is applied. Their ability to remove 
biofilm removal is questionable because they suffer from the same issues as other hand 
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instruments, namely that the instrument cannot access undercuts of the implant threads, or 
come into sufficient contact with a microscopically rough surface.  
 
2.3 Titanium curettes/scalers:  
Titanium scalers range from titanium coated scalers to instruments made completely from a 
titanium alloy (usually grade 5). Some studies have suggested that these modify the implant 
surface excessively, 53, 88, 160 causing an increase in the surface roughness from an original 
smooth surface.  
 
3. Air polishing:  
Air polishing (particle jet / air abrasion/ air polishing) units have been marketed for the 
treatment of periodontal disease because of their ability to remove biofilms. 70 For a 
periodontal patient, air polishing can effectively remove supragingival biofilm from teeth 
without modifying or damaging the soft and hard oral tissues, 71, 161 while repeated 
instrumentation of the root surface to prevent further periodontal disease can result in 
significant removal of tooth structure from the root surface especially if the powder is sodium 
bicarbonate. 71, 72, 161 
 
The principle behind these particle jet systems is that a steady flow of compressed air 
accelerates particles in a medium grit powder (with or without water), which then impact on 
the surface being treated, causing fracture or abrasion of biofilms and stains. 74 Ideally, the 
powder used should not modify the existing hard or soft tissues, and should also exert some 
antibacterial actions. 161  
 
A number of manufacturers now produce different particle jet tips and powders for different 
periodontal applications. Tips vary according to their mode of clinical application (e.g. 
supragingival or subgingival), their recommended working distance from the surface being 
cleaned, the required application time and the preferred angulation for applying the particle 
jet. The powders available vary in particle size and shape 73 as well as in composition. 
Currently available powders include sodium bicarbonate, calcium carbonate, bioactive 
glass, pumice and glycine. 72 The variables of powder type and application method appear 
to influence considerably the both effectiveness of biofilm removal and the potential for 
tissue harm. 71, 161 
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As already mentioned, dental implants have a complex micro and macro-topography. On 
the one hand, the microscopic topography can be modified by the application of materials 
that are harder than grade 4 or 5 titanium. Once the Ti implant surface is modified, this 
increases the surface area and roughness, and has the potential to allow for enhanced 
attachment and growth of bacteria. 150 As already mentioned, stainless steel instruments 
such as ultrasonic scalers and hand scalers have all been shown to modify the implant 
surface.  
 
Implant surface debridement using a particle jet approach was first described by Barnes et 
al. in 1991, in a study which examined four different implant systems and exposed each 
sample to an air abrasion system from 0.5 seconds up to 10 seconds. When the samples 
were examined using scanning electron microscopy (SEM), no significant differences in pre-
treatment and post-treatment surfaces were found. 76 Since that time, numerous studies 
have examined the effects of air abrasion on Ti implant surfaces. Most in vitro studies have 
concluded that air abrasion is a safe treatment for decontaminating a Ti implant surface 
without modifying the surface excessively. 48, 55, 77  
 
From a profilometry perspective, air polishing of an SLA surface does not alter or increase 
the original surface roughness. 162-164  From an SEM perspective, air polishing with sodium 
bicarbonate powder causes rounding of microscopic sharp edges, but does not cause pitting 
or other gross modifications after 5 seconds, however surface changes can be seen after 
15 seconds with the same powder when applied at 52 PSI onto plasma sprayed or smooth 
surface implants. 164 
 
The extent of surface damage is influenced strongly by the choice of abrasive powder, 55 
with sodium bicarbonate and aluminium oxide (alumina) more likely to damage a Ti implant 
surface than glycine. 55 There has been support in the most recent literature for glycine as 
the air abrasion particle material of choice, due to it exerting bacteriostatic actions when 
used at a 10% concentration, 78 a low risk of air emphysema, 79 and a lower damage risk to 
implant surfaces compared to sodium bicarbonate. 78 
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4. Citric acid:  
The use of 40% citric acid has been recommended for debridement and decontamination of 
Ti implant surfaces, 165, 166 even though it does not always achieve complete removal of 
biofilm. 167 The chemical interaction between 40% citric acid and the titanium surface after 
1 minute results in changes such as pitting, an increase in the surface roughness, changes 
to the oxide layer and surface discolouration. 168 This may reflect the low pH (pH 3) of the 
solution causing etching of the Ti surface. 168 Using a live/dead staining model with an oral 
biofilm, 1 minute of non-agitated 40% saturated citric acid was found to exert a lower 
bactericidal effect than hydrogen peroxide, chlorhexidine or essential oils (Listerine). 169  
Moreover, in the clinical setting, the use of citric acid alongside biocides such as 
chlorhexidine or hydrogen peroxide is insufficient for maintaining decontamination of Ti 
surfaces over the long term. 170 
 
There are important limitations in past work regarding citric acid, including the ability of citric 
acid-treated Ti surfaces to support cellular attachment. 171 Little is known regarding citric 
acid effects on various types of implant surfaces. For example, Wheelis et al. reported the 
effects of various solutions on Ti surface roughness, but the starting point was a smooth 
rather than textured surface. 168 Because to date, there have not been any studies exploring 
how citric acid solutions affect abraded or SLA surfaces, this aspect will be addressed in the 
current study.  
 
5. Titanium Brush:  
Ti brushes have been used to physically debride implants. Typically these brushes are 
mounted in a slow speed handpiece and rotated at less than 900 rpm. 172, 173 In one study, 
the use of a Ti brush at 300 rpm for 40 seconds did not result in changes to surface 
roughness of Ti, as gauged using Sa and Sz values, but did create scratch lines on SLA 
surfaces. 174 A Ti brush may be more effective in removing biofilm than a stainless steel 
curette. 175 Furthermore, a Ti brush could be combined with other methods of biofilm removal 
or inactivation. For example, one study discussed its use in combination with photodynamic 
therapy for treatment of biofilms on either smooth or SLA surfaces. 172 Some authors have 
proposed the combination of using a Ti brush first followed by laser irradiation of the surface, 
the concept being that the brush will remove most of the biofilm, and the laser treatment will 
then render the surface sterile. 176 
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There are unexplored areas between the interactions of the type of the surface and 
subsequent instruments as there is a lack of comparison between various types of powders 
in air polishing units, mechanical instruments which required lateral force, and a chemical 
based approach. In addition, the citric acid approach appears to be unexplored when applied 
to roughened surfaces. 
 
Aims:  
To assess both qualitatively and quantitatively the interaction between the baseline and air 
polishing, ultrasonic powered and manual instruments and various types of Ti surfaces.  
 
Hypothesis:  
A range of instruments marketed as ‘implant safe’ do not modify the surface topography of 
titanium.  
3.2 Methods:  
 
Debridement protocol:  
A total of 6 titanium discs from each of three groups (SLA, abraded or polished, prepared 
as described in Chapter 2) were subjected to treatment, according to one of the following 
protocols.  
1. Treatment using a particle jet of glycine powder from an air polishing system (AirNGo 
Perio, Acteon, Bordeaux, France) for 15 seconds, with the tip used at a distance of 5 
mm from the disc surface and at a 45 degree angle to the surface with an air pressure 
of 35 psi.  
2. As for Group 1 above, but using sodium bicarbonate powder from AirNGo Classic,  
Satelec, Acteon, Bordeaux, France.  
3. As for Group 1 above, but using calcium carbonate powder from AirNGo Pearl, 
Satelec, Acteon, Bordeaux, France. 
4. Treatment using a piezoelectric ultrasonic scaler (Satelec, Acteon, Bordeaux, 
France) fitted with an Acteon Implant Protect ™ titanium tip (P1-1). This was used at 
a power setting of ‘3’ for 30 seconds with the tip held at 45 degrees to the disc surface, 
and moved using freehand horizontal sweeping strokes.  
5. Hand scaling using a graphite/carbon fibre scaler (Premier® Implant Scaler, model 
4L/4R, Premier Instruments, USA). This was applied for 30 seconds, with the blade 
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of the scaler held at a 90 degrees to the disc surface and applied with light sweeping 
horizontal strokes.  
6. Hand scaling using a Ti scaler made of grade 5 titanium alloy (ImplaMate™ Universal 
3-4, Nordent Instruments, USA), applied in the same manner as for Group 5 above. 
7. Surface cleaning using a nickel-titanium brush (HANS Korea, NiTi Brush, Seoul, 
Korea) rotating at 900 rpm in a low speed rotating handpiece applied for 30 seconds 
without water coolant, and with the bristles positioned at 90 degrees to the disc 
surface.   
8. Topical application of 40% citric acid using a sterile cotton swab (Cotton tip applicator, 
Livingstone, NSW, Australia) applied for 60 seconds using a horizontal rubbing 
motion onto the disc surface.  
All treatments were undertaken by the same operator (an experienced dental hygienist). 
 
SEM:  
One disc from each group was selected randomly for SEM analysis. Discs were mounted 
onto aluminium stubs using a conductive carbon tab, and then viewed using a Field 
Emission SEM (Zeiss Sigma VP, Jena, Germany) at standardised magnifications (1,000x 
and 5,000x) using secondary electron mode at an accelerating voltage at 15 kV under high 
vacuum conditions and a working distance of 10 mm.   
 
Optical profilometry:  
The remaining 5 discs in each group were analysed using optical profilometry, with an 
Olympus LEXT OLS4100 system (Olympus Corporation, Shinjuku-ku, Tokyo, Japan). Two 
random scanned areas (259 x 259 µm) were examined, with the working distance set at 350 
µm. The Z sequences of images were adjusted so the lower limits of the image were in 
focus, and 229 steps were then taken with a 9 µm depth. The system was fitted with a 50x 
objective lens and a Gaussian filter. Roughness measurements were collected under white 
light microscopy using the ‘Multi-Layer’ mode with the supplied Olympus LEXT (Olympus 
Corporation, Shinjuku-ku, Tokyo, Japan) software. Values for the arithmetic mean of the 
roughness area from the mean plane (Sa) were determined, as well as the maximum height 
of the surface (Sz). 
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Statistical analysis:  
Data from each group were used to calculate means and standard deviations in 
micrometers, and differences between the three groups were assessed using one way 
ANOVA with Tukey-Kramer multiple comparisons post-hoc tests. A probability value of P < 
0.05 was used as the significance level. 
 
3.3 Results:  
 
Optical/laser profilometry 
 
Polished group: 
 
The polished surface was the most affected by the types of instruments used (P<0.0001). 
The abrasive particles, Ti ultrasonic tip, Ti brush and citric acid treatments all increased the 
Sa value significantly compared to the baseline (P<0.001). There were also significant 
changes caused by plastic hand instruments (P<0.05) (Figures 3.1 and 3.2).  
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Figure 3.1: Effects of instruments on polished surface expressed as surface roughness (Sa). Ca = 
calcium carbonate powder; Na = sodium bicarbonate powder; Gl = glycine powder; US t = ultrasonic 
with titanium tip; H P = Hand scaling using a Premier graphite/carbon fibre scaler; H T = Hand scaling 
using a titanium scaler; Bru = nickel-titanium brush; Citr = citric acid. The statistical difference from 
baseline is shown as follows: * = P<0.05, ** = P <0.01, *** = P<0.001 
*** *** *** * *** *** *** 
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Figure 3.2: Polished group showing data for the height of profiles (Sz). The statistical difference from 
baseline is shown as follows: * = P<0.05, ** = P <0.01, *** = P<0.001 
 
Abraded group:  
 
For surfaces abraded with aluminium oxide, the baseline measurement of Sa was 1.44 ± 
0.12 µm. There were significant changes in Sa from baseline caused by instrumentation 
(P<0.0001). In particular, the titanium ultrasonic tip had the greatest effect on the Sa value, 
reducing this to 1.24 ± 0.15 µm (P<0.05), as shown in Figure 3.3 below. There were no 
significant changes in the Sz parameter (P=0.3842) (Fig. 3.4).  
 
 
 
** * * * ** 
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Figure 3.3. Effects of instruments on abraded surface expressed as surface roughness (Sa). The 
statistical difference from baseline is shown as follows: * = P<0.05. 
 
  
Figure 3.4: Abraded group showing data for the height of profiles (Sz). No treatment caused a 
significant change from baseline. 
* 
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SLA group:  
 
The baseline values for Sa and Sz were 1.30 ± 0.17 µm and 17.62 ± 2.82 µm respectively. 
None of the 8 tested instruments caused a statistically significant difference from the 
baseline Sa (P=0.5518) (Figure 3.5).   
 
 
Figure 3.5: Effects of instruments on SLA surface expressed as surface roughness (Sa). Data 
show means and standard deviations.  
 
The Sz values for SLA surfaces (shown in Figure 3.6) were affected by the type of 
instruments used (P=0.0048). In particular, the height of profile parameter increased with 
the titanium brush group (P<0.05). 
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Figure 3.6: SLA group showing data for the height of profiles (Sz). Asterisks in Sa and Sz graphs 
indicate groups which were significantly different from the baseline. * = P<0.05, ** = P <0.01, *** = 
P<0.001 
 
Comparisons between treatment groups which rank them according to similar effects are 
shown on the following series of Figures 3.7-3.12. 
  
* 
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Figure 3.7: Comparisons between each type of treatment between the SLA surface. * = P<0.05, ** 
= P <0.01, *** = P<0.001. . Ca = calcium carbonate powder; Na = sodium bicarbonate powder; Gl = 
glycine powder. 
 
 
 
Figure 3.8: Comparisons between each type of treatment between the abraded surface. * = P<0.05, 
** = P <0.01, *** = P<0.001.  Ca = calcium carbonate powder; Na = sodium bicarbonate powder; Gl 
= glycine powder. 
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Figure 3.9: Comparisons between each type of treatment between the polished surface. * = P<0.05, 
** = P <0.01, *** = P<0.001. Ca = calcium carbonate powder; Na = sodium bicarbonate powder; Gl 
= glycine powder. 
 
 
 
 
 
Figure 3.10: Comparisons between each type of treatment between the SLA surface. NS = Not 
significant.  US t = ultrasonic with titanium tip; H P = Hand scaling using a Premier graphite/carbon 
fibre scaler; H T = Hand scaling using a titanium scaler; Bru = nickel-titanium brush; Citr = citric acid. 
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Figure 3.11: Comparisons between each type of treatment between the abraded surface. * = P<0.05, 
** = P <0.01, *** = P<0.001, NS = Not significant.  US t = ultrasonic with titanium tip; H P = Hand 
scaling using a Premier graphite/carbon fibre scaler; H T = Hand scaling using a titanium scaler; Bru 
= nickel-titanium brush; Citr = citric acid. 
 
 
 
Figure 3.12 Comparisons between each type of treatment between the polished surface. * = P<0.05, 
** = P <0.01, *** = P<0.001. NS = Not significant.  US t = ultrasonic with titanium tip; H P = Hand 
scaling using a Premier graphite/carbon fibre scaler; H T = Hand scaling using a titanium scaler; Bru 
= nickel-titanium brush; Citr = citric acid. 
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SEM examination 
Polished group:  
Within the abrasive powder/air polished groups, the strongest effects for powders were seen 
with calcium carbonate (Figure 3.16) and sodium bicarbonate (Figure 3.19), both of which 
gave a surface pitting effect, which was not seen to the same extent with glycine (Figure 
3.22). The Ti ultrasonic tip did not dramatically modify the surface, and the effect was similar 
to the application of the same tip onto abraded or SLA surfaces (Figures 3.26- 3.27). The 
Ni-Ti brush scratched the polished Ti surface (Figure 3.34), while citric acid etched the 
surface and enhanced the original pits and grooves (Figure 3.37) compared to the untreated 
group as shown in Figure 3.13 
 
Abraded surface 
Particle jets used on abraded surface rounded the sharp edges. This effect was seen 
regardless of which powder was used (e.g. Figures 3.17, 3.20, and 3.23). A rounding effect 
was also seen with citric acid treatment (Figure 3.38). The ultrasonic scaler tips created trails 
on the surface and left a smear layer (Figure 3.26). The hand instruments did not appear to 
affect the abraded surface to the same extent as the SLA or polished surfaces (Figures 3.29 
and 3.32). The Ni-Ti brush left strong scratch marks along the abraded surface (Figure 3.35).  
 
SLA surface 
Under SEM, there were observable changes caused by treatments with all instruments. 
Most of these observed changes were either flattening or rounding off of projections and 
sharp edges (e.g. Figures 3.18, 3.21, 3.24, 3.39). A smearing effect was seen for ultrasonic, 
hand instruments and brushes (Figures 3.27, 3.31, 3.33, 3.36).  
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Control images: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: Untreated polished surface (A) 1000x, (B) 5000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: Untreated Abraded surface (A) 1000x, (B) 5000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Untreated SLA surface (A) 1000x, (B) 5000x 
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Figure 3.16: Calcium carbonate powder used on a polished surface (A) 1000x, (B) 5000x. Arrows 
in B show scratch marks and powder remnants.  
 
  
Figure 3.17: Calcium carbonate powder used on an abraded surface. (A) 1000x, (B) 5000x. Arrow 
in B shows rounding of previously sharp projections. 
 
  
Figure 3.18: Calcium carbonate powder in Acteon air polishing unit used on an SLA surface. (A) 
1000x, (B) 5000x. Arrows show a loss of microscopic peaks in A, and remnants of powder left on 
the surface in B.  
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Figure 3.19: Sodium bicarbonate powder used on a polished surface (A) 1000x, (B) 5000x. Arrows 
show pitting on the surface. 
 
   
Figure 3.20: Sodium bicarbonate powder used on an abraded surface (A) 1000x, (B) 5000x. There 
are no major changes to the surface topography. 
 
    
Figure 3.21: Sodium bicarbonate powder used on an SLA surface. (A) 1000x, (B) 5000x. Arrows 
show minimal loss of microscopic peaks in A, and remnants of powder in B 
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Figure 3.22 Glycine powder used on a 
polished surface. (A) 1000x, (B) 5000x. There appears to be no change to the original surface 
topography  
 
  
Figure 3.23 Glycine powder used on an abraded surface. (A) 1000x, (B) 5000x. There appears to 
be no change to the original surface topography. 
 
   
Figure 3.24 Glycine powder used on an SLA surface. (A) 1000x, (B) 5000x. There appears to be 
no changes to the original surface topography. 
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Figure 3.25: Ultrasonic scaler with Ti tip used on a polished surface. (A) 1000x, (B) 5000x. There 
appears to be a minimal changes to the surface topography.  
 
  
Figure 3.26 Ultrasonic scaler with Ti tip used on an abraded surface. (A) 1000x, (B) 5000x. Arrows 
show a trough created across the surface and blunting of sharp features. 
 
  
Figure 3.27 Ultrasonic scaler with Ti tip used on an SLA surface. (A) 1000x, (B) 5000x. Arrows 
show a smear layer created across the surface 
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Figure 3.28. Qualitative analysis of Hand carbon fibre scaler used on a polished surface. (A) 
1000x, (B) 5000x. There appears to minimal effect on this type of surface.  
 
  
Figure 3.29. Qualitative analysis of Hand carbon fibre scaler used on an abraded surface. (A) 
1000x, (B) 5000x. There appears to be a small flattening effect from the scaler. 
 
  
Figure 3.30. Qualitative analysis of hand carbon fibre scaler used on an SLA surface. (A) 1000x, 
(B) 5000x. There appears to be a flattening effect from the scaler and a smear layer created. 
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Figure 3.31 Hand Ti scaler 4L/4R used on a polished surface. (A) 1000x, (B) 5000x. There appears 
to be scratch marks across the surface.  
 
  
Figure 3.32 Hand Ti scaler 4L/4R used on an abraded surface. (A) 1000x, (B) 5000x. There 
appears to be no effect from the scaler on this type of surface  
 
   
Figure 3.33 Qualitative analysis of Hand Ti scaler 4L/4R used on an SLA surface. (A) 1000x, (B) 
5000x. There appears to be a smearing effect and gross modification to the surface.  
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Figure 3.34:  Ni-Ti brush used on a polished surface. (A) 1000x, (B) 5000x. Arrows show scratch 
marks running across the surface 
 
  
Figure 3.35: Ni-Ti brush used on an abraded surface. (A) 1000x, (B) 5000x. Arrows show a 
smearing effect and surface modifications. 
 
  
Figure 3.36: Ni-Ti brush used on an SLA surface. (A) 1000x, (B) 5000x. Arrows show a smearing 
effect and surface modifications 
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Figure 3.37: Citric acid used on a polished surface. (A) 1000x, (B) 5000x. There is an etching effect 
and an enhancement effect of the lathe marks. 
 
  
Figure 3.38: Citric acid used on an abraded surface. (A) 1000x, (B) 5000x. There was no 
discernible effect on this surface. 
 
  
Figure 3.39: Citric acid used on an SLA surface. (A) 1000x, (B) 5000x. There was subtle rounding 
of microscopic projections as indicated by the arrow in B. 
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3.4 Discussion: 
 
This study examined the interaction between different types of implant surfaces and various 
instruments. The effects were measured numerically with an optical profiler and assessed 
qualitatively by SEM. The original hypothesis that each debridement technique or instrument 
marketed as ‘implant safe’ would not modify the original surface was disproven, as all 
treatments caused some level of surface change.  The significance of an increase in 
roughness for the polished surface is that the formation of plaque biofilm is likely to be 
enhanced. Teughels et al. reported that an increase in surface roughness can lead to an 
increase in free surface energy, which in turn results in enhanced colonisation of oral 
bacteria onto the implant surface once it becomes exposed to the oral cavity. 143 A more 
roughened surface would then be at greater risk for PIM and PI.  
 
The results of this study showed considerable changes from the baseline for the polished 
surface, with little change for the SLA and abraded surfaces, which gave roughness values 
similar to baseline measurements regardless of which instruments were applied to them 
(P>0.05), with the notable exception of the ultrasonic scaler used with a Ti tip on the abraded 
surface. Both SLA and abraded surfaces are typically characterised by roughness in the 
order of 1.5 - 2.0µm, which is designed to enhance cellular attachment. On clinical grounds, 
it is concerning that 7 of the 8 tested instruments caused statistically significant changes 
from the baseline surface roughness. Changes in Ra values of greater than 0.2 µm influence 
biofilm growth and composition. 177 
 
The use of abrasive powders influenced the polished surface, giving the largest change in 
roughness seen in the study. The extent of surface change would be affected by air pressure 
as well as by particle type. The air pressure was set at 35 PSI according to the 
manufacturer’s recommendations. The present results indicate that air polishing with 
common commercially available powders does not result in surface alterations to abraded 
or SLA surfaces, but does affect polished surfaces, and thus cannot be called “completely 
implant safe”.  
 
Previous reports of particle jet effects on titanium have demonstrated that the extent of 
surface is influenced by powder size and particle hardness and density. It appears 
thatsodium bicarbonate particles delivered at high air pressures could produce a pitted 
surface, or cause rounding of the sharp projections or rough edges of microscopically 
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textured surfaces. 81, 92 While laser profilometry did not show quantitative changes on SLA 
or abraded surfaces, SEM imaging showed pitting due to sodium bicarbonate powder used 
on a polished surface. This finding is consistent with the study of Chairay et al., which found 
that one 15 second application of the same powder resulted in the same type of surface 
pitting effect. 164 In the present investigation, surface changes with sodium bicarbonate was 
seen in a shorter time frame than the 40-60 seconds reported by Kreisler and Schwarz for 
discs contaminated with biofilm. 81, 93  
 
The application of glycine powder did not cause observable effects on any of the three 
surfaces used. This is not consistent with a report that when used at a ‘high’ pressure, 
glycine powder results in further reductions in Sa, 178 however in this previous study the air 
pressure was not stated so a useful comparison cannot be made. The use of calcium 
carbonate powder caused some rounding of projections on the abraded and SLA surfaces, 
which is similar to the observations of Brookshire et al. 179 Whether these changes have 
clinical significance remains to be determined. 
 
The ultrasonic tip appeared to have little effect on the SLA surface, but affected both the 
abraded and polished surfaces. There is a trend in the present findings that in the ultrasonic 
treatment groups there is a decrease in the Sa for the abraded surface, but an increase in 
the Sa value for the polished surface. This is agreement with the previous description of a 
flattening effect when metal instruments (including Ti) are applied to roughened surfaces. 
145 On the other hand, ultrasonic scalers will increase the surface roughness of a smooth 
surface. 67 
 
For hand instruments, the mechanical/lateral application of force to the instrument and onto 
the surface results in a smearing effect which changes the surface topography. This effect 
was seen on SEM images, although it was too subtle to significantly alter the profilometry 
data. One important limitation of the literature on the use of hand instruments on implants is 
that the treatment times or number of strokes used vary. For example, one study of metal 
curettes used on SLA surfaces had 360 strokes, 155 while another only used 30 strokes. 162 
The present study attempted to simulate what would be done in the clinical setting, therefore, 
an application time of 30 seconds (approximately 30 strokes) was used both for hand 
instruments as well as for the ultrasonic tips, but there was no inherent control for the force 
used. A further limitation of the present study was that the effects were measured on the flat 
surfaces of discs rather than on the curved and threaded surfaces of implant fixtures. One 
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key limitation is that this type of study was completed on Ti discs, these are flat and do not 
have the macro features such as threads, different pitch heights and valleys. Whilst this is 
easy to standardize, characterize and also eliminate a number of variables, this is not an 
accurate reflection of an implant typically used in modern clinical practice.  
 
The results of the current study were very positive for the use of 40% citric acid solutions for 
biofilm removal. This solution had no effect on abraded surfaces, but altered SLA and 
polished surfaces, causing surface etching and rounding of projections, respectively. The 
etching effect seen was similar to that reported by Wheelis et al. who described pitting and 
corrosion on smooth surfaces of titanium after rubbing on citric acid. 168 Despite the effects 
being detected using SEM images, they were too subtle to influence the Sa or Sz values, 
which were not significantly different compared to the baseline. The present study is the first 
to show citric acid effects on micro-textured surfaces, which adds to the existing information 
on citric acid ‘etching’ effects on titanium. A recently developed debridement technique 
termed ‘implantoplasty’ describes removing the threads and roughened surface to produce 
a single smooth surface using a high speed handpiece with either a diamond or carbide bur. 
178 In effect, this is modifying the surface back to a smooth one, after the observable results 
of this study, citric acid and mechanical instruments should not be used on a smooth surface 
as this will further roughen the Ti.  
 
The present study gave mixed results for titanium brushes as a means for removing biofilm 
from implant surfaces. In previous work, Park et al. used Ti brushes at 300 rpm for 40 
seconds with concurrent irrigation, on smooth and SLA surfaces, and reported no changes 
to either Sa or Sz. Nevertheless, they observed scratch lines on both surfaces created by 
the brush. The present study used the brush at 900 rpm for 60 seconds without water 
irrigation, similar to the protocol set by John et al. 175 This gave an increase in Sa as well as 
observable scratch lines on polished surfaces. This difference may be explained by the 
greater rotational speed, longer treatment time and lack of irrigation. Of note, for surfaces 
that were already roughened, namely abraded and SLA surfaces, there was not a significant 
rise in either Sa or Sz value, despite SEM imaging revealing scratch marks.  
 
Recognising that the surface topography influences bacterial adhesion,4, 180 the present 
study assessed three dimensional surface parameters (Sa and Sz) rather than using a two 
dimensional approach (Ra and Rz). The use of Ra and Rz relies on measurement in a single 
direction, which could be a source of bias, particularly for methods such as brushes where 
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the movement is uni-directional. 129 Assessing Ra or Rz along the scratches versus across 
the scratches would give different results. The Sa parameter is the arithmetic mean deviation 
of surface height, while Sz is the maximum height of the surface profile, which characterises 
the extreme peaks and valleys. 138 Svanborg et al. have pointed out that measuring 3D 
parameters rather than 2D parameters would better empower advances in implant surface 
technologies, since 3D assessments should relate closely to cell attachment behaviour to 
titanium. 181 Determining how closely the 3D parameters of Sa and Sz correlate with cell 
attachment would be a useful direction for future work.  
 
3.5 Conclusion:  
 
Considering the data on surface effects caused by the application of debridement 
instruments, devices or solutions onto various titanium surfaces, caution should be 
exercised for application of citric acid onto smooth surfaces. Hand instruments and powered 
instruments including ultrasonic scalers and rotating Ti brushes can readily damage 
titanium, and remove or attenuate the topographical features of micro-textured abraded and 
SLA surfaces thus cannot be recommended for instrumenting any type of Ti surface. Of the 
methods used, abrasive particle jets/ air polishing using glycine powder appears to be the 
safest method which can be applied to all three types of surface as it results in no changes 
to the surface roughness as evident from the Sa values and SEM images.  
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Chapter 4 
 
The removal of biofilm on Titanium surfaces 
with debridement instruments. 
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4.1 Introduction:  
 
Two major challenges for current osseointegrated implants are to, firstly, prevent plaque-
related inflammatory diseases from developing around these implants, and secondly to 
remove the biofilm safely from the roughened surface of the fixture when inflammation has 
developed.  
 
Physical and chemical debridement of implant surfaces using hand curettes and ultrasonic 
scalers is undertaken commonly, but both types of instruments change the surface 
topography. This may over time may enhance further attachment of bacteria and hinder 
biofilm removal both in the clinic, and in terms of home care. 4, 8 In vivo studies have shown 
that bacterial colonization of rough Ti surfaces is greater than that of smooth surfaces. 5 As 
well, the subgingival biofilm attached to roughened surfaces of titanium implants harbours 
more pathogenic species of bacteria. 150  
 
To ensure the long-term success of dental implants, maintenance of healthy peri-implant 
tissues is critical. Having regular maintenance appointments to clean the implant fixture and 
abutment has been shown to keep peri-implant tissues in a more healthy state. 32 As 
discussed earlier, PI can result from the host response to biofilm which accumulates on the 
surfaces of implants, 25 causing inflammatory responses which resemble periodontal 
disease, 26 and showing the presence of similar pathogens. 148, 149 There is as yet no well-
established clinical approach for providing optimal removal of subgingival biofilm from 
implants. 37 
 
As discussed previously, bacterial adhesion correlates with surface roughness, 5 such that 
in the initial stages after implant placement a fixture which has greater surface roughness 
will show greater attachment of bacteria compared to one with a smooth surface if it is 
supragingival or becomes exposed to the oral environment. 6, 7 However, once the biofilm 
has matured and covered the surface, the nature of that surface becomes less important. 
144 
In a systematic review, Louropoulou and colleagues examined the effects of mechanical 
instruments on biofilm-contaminated surfaces, and concluded that for removing plaque, air 
abrasive/polishing systems were the most promising for smooth surfaces, and likewise 
rotating Ti brushes for SLA surfaces, and ultrasonic scalers with non-metallic tips for both 
81 
 
smooth and SLA surfaces. 48 Whilst a particular method may be effective in removing most 
of the biofilm plaque, the final surface also needs to be biocompatible.  
 
In a subsequent review, the same group examined the issue of biocompatibility after 
debridement, and proposed that particle abrasion using sodium bicarbonate shows the most 
promise since this had the least negative influence on cell attachment post-debridement. 
The authors pointed out that plastic and metal curettes/scalers, rotating titanium brushes 
and ultrasonic scalers all failed to produce an implant surface that was biologically 
compatible, however this opinion was based on qualitative assessments rather than on 
quantitative data. 67 It would however be consistent with the finding that biofilm accumulates 
25 times faster on rough implant surfaces than smooth implant surfaces. 150 
 
Instruments available for implant debridement include the following: 
 
Ultrasonic scalers: 
 
Recently, a number of new ultrasonic scaler inserts made of titanium, plastic or graphite 
have entered the market, with their stated purpose being for routine implant maintenance 
as well as for treatment of PIM or PI. One would expect that these ultrasonic scaler inserts 
will have the same limitation as conventional stainless steel scaler inserts and hand 
instruments, namely poor access to protected areas such as the undercuts of the threads. 
48, 67 In support of this, Park et al. reported that even after 40 seconds of instrumentation of 
Ti implants, there were still areas where biofilm remained underneath threads. 182 
 
A number of manufacturers have released what they have claimed to be ‘implant safe’ 
ultrasonic inserts, to be used for both implant maintenance and for the treatment of PI. 61 
These tips are usually made of carbon fibre, composite, silicon or plastic. The concept is 
that by using a softer material than Ti, there will be less changes caused to the surface 
topography of the fixture. 48, 61 In a contrasting approach, other studies have proposed 
deliberately reducing the roughness of the implant surface (e.g. using burs in an air turbine 
handpiece) to make it easier to clean, 62, 63 a suggestion that runs counter to the concept 
that there should not be any surface modification.   
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Regardless of the debridement method used, there is a critical role for the patient’s oral 
hygiene over the long term. When Renvert et al. compared debridement of PI sites using 
either an ultrasonic scaler or a Ti hand instrument, there was no difference between these 
when oral hygiene remained poor, as subgingival biofilms would be able to reform rapidly 
from the apical extension of supragingival plaque. 8  
 
Hand instruments: 
 
Hand instruments used for maintenance of dental implants struggle with accessing threads 
and do not produce a surface with an acceptable level of biocompatibility. This is the case 
whether hand instruments are used for closed or open (surgical) debridement. 156 They will 
not give an implant fixture surface that is in ‘pristine’ condition. 157 
 
While plastic hand instruments do not cause a great deal of surface modification to titanium, 
53, 88 they leave residues inside the pocket or on the implant surface. 59, 160 Such residues 
may be linked to inflammatory responses, 158 or to delayed healing. 159 Moreover, plastic 
hand instruments have a poor ability to remove biofilm when compared to particle jets/air 
polishing. 67 
 
From a clinical perspective, a bulky and highly flexible instrument is difficult to use, which 
are important aspects not addressed in laboratory studies. It remains to be determined how 
well such instruments perform in clinical practice, and indeed how the residues left behind 
in the pocket and on the implant surface influence long term clinical outcomes.  
 
When biofilm removal effectiveness was evaluated in a 2014 study on titanium discs, plastic 
curettes were found to be the less effective for removing bacteria compared to machine 
driven instruments on smooth surfaces, while using a rubber cup was more effective than 
an ultrasonic scaler on acid etched surfaces. 183 
 
Particle jets/ Air polishing:  
Air polishing/air abrasion/particle jet units have been used for the treatment of periodontal 
disease because of their ability to remove biofilms. 71 These systems work because rapidly 
moving particles mixed with water can abrade stains and biofilms from the surfaces of teeth. 
74 These units also appear to be very promising for plaque removal from dental implants. 56 
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Implant surface debridement using an air abrasion (particle jet) approach was first described 
by Barnes et al. in 1991, in a study which examined four different implant systems and 
exposed each fixture to an air abrasion system from 0.5 seconds up to 10 seconds.  When 
examined using SEM, no significant differences in pre-treatment and post-treatment 
surfaces were found. 76 
 
A number of manufacturers now produce different delivery tips and powders for different 
periodontal applications. Tips vary according to the mode of clinical application (e.g. 
supragingival or subgingival tip), the recommended working distance from the surface being 
cleaned, the required application time and the preferred angulation for applying the particle 
jet. 
 
Ideally, the particle powder used should not modify the existing hard or soft tissues, but still 
remove biofilm and stains, and also exert some antibacterial actions. 71 One key issue with 
air polishing systems is that they are more likely to ‘round off’ microscopically sharp areas 
rather than cause gross surface changes, and thus an application time of less than 30 
seconds should be used in order to avoid extensive surface modification. 75, 184 
 
The powders available vary in particle size and shape 73 as well as in composition. Currently 
available powders include erythritol, sodium bicarbonate, calcium carbonate, bioactive 
glass, pumice and glycine. 72 These variables of powder type and application method appear 
to influence the effectiveness of biofilm removal and the potential for tissue harm. 71, 161 
 
Numerous studies have examined the effects of air abrasion on Ti implant surfaces. Most in 
vitro studies and narrative reviews based on these have concluded that air abrasion is a 
safe treatment for decontaminating a Ti implant surface without modifying the fixture 
surfaces excessively. 48, 55, 77 The extent of surface damage is influenced strongly by the 
choice of abrasive powder, 55 with sodium bicarbonate and aluminium oxide (alumina) more 
likely to damage the implant surface than glycine. 55 There has been support in the most 
recent literature for glycine as the air abrasion particle material of choice, due to it exerting 
bacteriostatic actions when used at a 10% concentration, 77 with a low air pressure and the 
associated risk of air emphysema, 79 and causing less damage to implant surfaces than 
sodium bicarbonate. 77 
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Citric acid:  
The use of chemical agents such as citric acid is of interest, even though there is not enough 
evidence to recommend a particular chemical decontamination solution as being superior 
for biofilm removal from implant surfaces. 156, 167 A 40% solution of citric acid has suggested 
for the debridement and decontamination of dental implant surfaces, 167, 168 even though it 
does not achieve complete removal. 167 Citric acid is not recognised as a biocide and has 
little inherent antimicrobial activity. A study that used a live/dead staining model to assess 
oral biofilm in vivo showed that a 1 minute application of non-agitated 40% saturated citric 
acid gave inferior bactericidal effects compared to hydrogen peroxide, chlorhexidine and 
essential oils (Listerine™). 169 It is not surprising therefore that in the clinical setting, the 
application of citric acid is not sufficient for maintaining decontamination of the subgingival 
implant surface over the long term. 170 
 
However, in a recent study, citric acid was shown to give superior decontamination of the 
surface and better cell proliferation on the surface compared to a sodium hypochlorite-EDTA 
mixture, CHX or sterile saline. 171 There is however little data on how citric acid affects 
different surfaces or biofilms on different surfaces. In the present study, the effects of citric 
acid on cPTi have been compared using SLA, abraded and polished surfaces. 
 
Titanium brushes:  
A rotating Ti brush is designed to physically clean titanium surfaces. The brush is used at a 
low rotational speed (below 900 rpm) in a slow speed handpiece, 172, 173 with the intention 
being that the brush should not scratch the surface. A study by Park et al. in 2015 showed 
that a Ti brush used at 300 rpm for 40 seconds did not significantly affect Sa or Sz values, 
but did scratch SLA surfaces, as could be seen when the treated areas were examined by 
SEM. 174 Ti brushes appear to be more effective in removing biofilm than hand stainless 
steel curettes. 175 They can also be combined with other methods. For example, Widodo et 
al. used the combination of a Ti brush with photodynamic therapy (photoactivated 
disinfection) on smooth and SLA surfaces. 172 Other authors have likewise proposed the 
combination of Ti brush followed by laser irradiation, the latter being for photothermal 
disinfection to render the surface sterile. 176 
 
A key gap in knowledge is the lack of studies which compare biofilm removal across different 
debridement methods such as abrasive particles/air polishing, mechanical instruments and 
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chemical methods, when these are applied to complex multi-species biofilms present on a 
range of different titanium surfaces. The presence of a multi-species biofilm using the 
titanium disc model had been established previously in a pilot study using abraded discs, 
where the composition was analysed using molecular methods (Table 1.1). 
 
The present investigation was designed to address this gap, using the crystal violet assay 
to quantify biofilm removal so that this could be expressed as a percentage reduction from 
baseline. This assay has been used in many past studies. 63, 185, 186 The study followed on 
from the work presented in Chapter 3 which examined the effects of instruments on Ti 
surfaces only (no biofilm), and likewise will use SEM to assess surface damage produced 
during biofilm removal. 
 
Hypothesis: Instruments marketed as ‘implant safe’ will remove biofilm from Ti surfaces 
without modifying the original surface.  
 
Aims:  
1. To qualitatively and quantitatively assess the amount of biofilm remaining after 
debridement.  
2. To explore the interaction between various instruments (air polishing, ultrasonic 
powered and manual instruments) and the implant surface when biofilm removal is 
attempted. 
4.2 Methods:  
 
A total of 189 titanium discs were prepared with SLA, abraded or polished surfaces using 
the methods as described in Chapter 2. This number was sufficient to give 8 treatment 
groups as well as the required 2 groups of untreated controls (no biofilm, and biofilm without 
treatment), with 7 samples per group (one for SEM analysis and 6 for the crystal violet 
assay). 
 
Biofilm model: 
After inoculation with stimulated human saliva, the discs were cultured in Brain Heart 
infusion (BHI) broth medium (supplier) supplemented with 5% defibrinated sheep’s blood 
and 10% human saliva in the wells of sterile 24 well plates. Each well was 20 mm in 
diameter, and was filled with 1.0 ml of BHI broth and then cultured for 96 hours under 
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anaerobic conditions.  The presence of saliva in the broth ensured continual supply of viable 
organisms in the broth to give a sufficiently mature and complex biofilm after 96 hours.  
 
BHI broth was used as this is a general-purpose medium that has been found highly suitable 
for supporting the growth of organisms derived from human saliva.187, 188 The inclusion of 
sheep’s blood as a supplement ensured that the broth was rich in protein and haemoglobin 
products, in order to encourage the growth of facultative and obligate anaerobes. 189 The 
resulting mixed species biofilm is comparable to that found in an in vivo PI environment 
established on hydroxyapatite discs. 189 
 
Debridement protocol:  
A total of seven titanium discs per group for each of three surface types (SLA, abraded or 
polished) were subjected to treatment, according to one of the following eight protocols. 
They were placed in a custom made holder using orthodontic wax to prevent them from 
moving around. 
1. Treatment using a particle jet of glycine powder from an air polishing system (AirNGo 
Perio, Acteon, Bordeaux, France) for 15 seconds, with the tip used at a distance of 5 
mm from the disc surface and at a 45 degree angle to the surface with an air pressure 
of 35 psi.  
2. As for Group 1 above, but using sodium bicarbonate powder from AirNGo Classic,  
Satelec, Acteon, Bordeaux, France.  
3. As for Group 1 above, but using calcium carbonate powder from AirNGo Pearl, 
Satelec, Acteon, Bordeaux, France. 
4. Treatment using a piezoelectric ultrasonic scaler (Satelec, Acteon, Bordeaux, 
France) fitted with an Acteon Implant Protect ™ titanium tip (P1-1). This was used at 
a power setting of ‘3’ for 30 seconds with the tip held at 45 degrees to the disc surface, 
and moved using freehand horizontal sweeping strokes.  
5. Hand scaling using a graphite/carbon fibre scaler (Premier® Implant Scaler, model 
4L/4R, Premier Instruments, USA) applied for 30 seconds, with the blade of the scaler 
held at a 90 degrees to the disc surface and applied with light sweeping horizontal 
strokes.  
6. Hand scaling using a Ti scaler made of grade 5 titanium alloy (ImplaMate™ Universal 
3-4, Nordent Instruments, USA), applied in the same manner as for Group 5 above. 
7. Surface cleaning using a nickel-titanium brush (HANS Korea, NiTi Brush, Seoul, 
Korea) rotating at 900 rpm in a low speed rotating handpiece applied for 30 seconds 
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without water coolant, and with the bristles positioned at 90 degrees to the disc 
surface.   
8. Topical application of 40% citric acid using a sterile cotton swab (Cotton tip applicator, 
Livingstone, NSW, Australia) applied for 60 seconds using a horizontal rubbing 
motion onto the disc surface.  
9. Untreated controls (biofilm without treatment), to establish baseline data for crystal 
violet assay.  
Qualitative assessment using SEM: 
One disc per group was chosen by random selection and used for SEM analysis. For this 
purpose, the biofilm remaining on the disc chosen for SEM was first fixed using 10% buffered 
neutral formalin solution for 24 hours. After being rinsed in PBS, discs were placed into 100 
mmol/L cacodylate buffer for 1 hour, then post-fixed for 24 hours with 1% osmium tetroxide, 
then washed again in cacodylate buffer before being dehydrated with graded ethanol 
solutions (50%, 70%, 80%, 90%, and 100% ethanol solutions for 30 minutes each) and then 
dried overnight in a fume hood. Samples were then located onto aluminium stubs using 
conductive carbon tab, and sputter coated with a 10 nm gold layer (Coating Unit 5100, 
Polaron, Lewes, UK) and observed with a field emission SEM (Zeiss Sigma VP, Jena, 
Germany) at standardised series of magnifications (1000x and 5000x) using both secondary 
electron and backscatter modes at an accelerating voltage at 10 kV under high vacuum 
conditions. 
 
Quantitative analysis of biofilm by Crystal Violet (CV) assay: 
Six discs in each group were used for measuring the amount of biofilm remaining after 
treatment, by employing the CV assay. The discs with adherent biofilms were stained with 
1.0 mL 1% crystal violet for 15 minutes at room temperature (25°C) in a 24 plate well. The 
samples were then washed three times with sterile distilled water and air dried at room 
temperature for 30 minutes. To each well was added 1 mL of 30% acetic acid, and then they 
were incubated for 20 minutes at room temperature. The acetic acid was used to solubilize 
the dye 190 From each well a 200 µL aliquot of the solution was transferred into a 96 well 
microtiter plate, and the absorbance at 570 nm read with a microplate reader (Infinite 200 
PRO series, Tecan, Männedorf, Switzerland).  
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Statistical analysis:  
The data from the 6 replicate samples for the CV assay per group were collated, and results 
expressed as the mean and standard deviation. Differences between groups were assessed 
using one way ANOVA. A probability value of P < 0.05 was used as the significance level.  
 
4.3 Results:  
 
All debridement techniques resulted in greater than 80% reduction of biofilm compared to 
the baseline. This was irrespective of the surface type (SLA, abraded or polished), and the 
effect seen (treatment versus baseline) was statistically significant for all treatments 
examined (P<0.001). Data for treatments arranged by groups are shown in Figures 4.3 and 
4.5, while the rankings of treatments from most effective to least effective, with designations 
of which treatments were significantly superior to others. The relative performance of all 
treatments is shown in Figure 4.1 and following.  
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Table 4.1: Rank order of biofilm removal effectiveness on different surfaces.  
___________________________________________________________________ 
 SLA  ABRADED  POLISHED  
MOST EFFECTIVE Glycine  Glycine  Glycine 
 Calcium carbonate  Calcium carbonate Calcium carbonate 
 Sodium 
bicarbonate 
Ultrasonic Ti tip Ultrasonic Ti tip 
 Ultrasonic Ti tip Ti brush Hand plastic scaler 
 Citric acid  Hand Ti scaler Citric acid 
 Ti Brush Hand plastic Hand Ti scaler 
 Hand Ti scaler Citric acid Ti brush 
LEAST EFFECTIVE Hand Plastic 
scaler 
Sodium 
bicarbonate 
Sodium 
bicarbonate 
___________________________________________________________________ 
 
 
Glycine powder removed the greatest amount of biofilm, and its effects were significantly 
better than all other debridement methods on all surfaces. The next most effective treatment 
was calcium carbonate powder, which was consistently ranked second highest across all 
three surfaces.  
 
Differences between the remaining treatments did not reach statistical significance, however 
several consistent trends were noted. The performance of sodium bicarbonate varied on 
different surfaces, and it ranked third for SLA surfaces (Figure 4.5). Ultrasonic scalers 
ranked either third or fourth across the different types of surfaces.  
 
The least effective treatments were mechanical instruments such as brushes and hand 
scalers, and citric acid, which consistently ranked in the lower ranges across the various 
surfaces.  
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Figure 4.1: Polished group showing data for crystal violet calculated as the percentage reduction 
compared to baseline. Ca = calcium carbonate powder; Na = sodium bicarbonate powder; Gl = 
glycine powder; US t = ultrasonic with titanium tip; H P = Hand scaling using a Premier 
graphite/carbon fibre scaler; H T = Hand scaling using a titanium scaler; Bru = nickel-titanium brush; 
Citr = citric acid. 
 
 
 
 
 
Figure 4.2: Polished group treatments ranked in order from most effective to least effective. ** 
indicates P<0.01. NS indicates not statistically significant. 
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Figure 4.3: Abraded group showing data for crystal violet calculated as the percentage reduction 
compared to baseline. 
 
 
 
 
 
Figure 4.4: Abraded group treatments ranked in order from most effective to least effective ** 
indicates P<0.01. NS indicates not statistically significant. 
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Figure 4.5: SLA group showing data for crystal violet calculated as the percentage reduction 
compared to baseline. 
 
 
 
 
Figure 4.6: SLA group treatments ranked in order from most effective to least effective. *** indicates 
P<0.001. N.S indicates not statistically significant  
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SEM examination revealed differences in the surface effects of different treatments. Calcium 
carbonate powder removed almost all biofilm across all three surfaces, but left abrasive 
particles on the surface. It caused minimal surface damage to the abraded surface (Figure 
4.11), but left scratch marks on the polished surface (Figure 4.10), and flattened the 
projections on the SLA surface (Figure 4.12). A similar pattern of effects was seen for sodium 
bicarbonate. When used on the SLA surface (Figure 4.15), this powder caused loss of 
microscopic peaks, it appears the abraded surface application resulted in rounding of sharp 
edges (Figure 4.14). Sodium bicarbonate unlike calcium carbonate did not scratch the 
polished surface, but left abrasive particles impacted into the surface (Figures 4.13). Glycine 
powder was highly effective at biofilm removal, but did not cause modifications to any of the 
three different surfaces (Figures 4.16 - 4.18).  
 
The ultrasonic scaler produced gross surface damage across all surface types, and left 
behind remnants of biofilm (Figures 4.19 - 4.21). Hand instruments of either the carbon fibre 
or titanium type produced a smear layer, especially when used on SLA and abraded 
surfaces (Figures 4.23 - 4.27). Even greater surface modification was caused by the Ni-Ti 
brush, which caused gross surface modification of all three surfaces (Figures 4.28 - 4.30), 
and left behind remnants of biofilm.  
 
In the final treatment group, citric acid produced minimal surface change across all three 
surfaces, and left behind remnants of biofilm (Figures. 4.31 - 4.33) compared to the biofilm 
controls (Figures 4.7-4.9) 
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Figure 4.7: Untreated polished sample with 96 hour biofilm. (A) 1000x, (B) 5000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Untreated abraded sample with 96 hour biofilm. (A) 1000x, (B) 5000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Untreated SLA sample with 96 hour biofilm. (A) 1000x, (B) 5000x 
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Figure 4.10: Calcium carbonate used on a polished surface. (A) 1000x, (B) 5000x. Arrows in B show 
scratch marks and powder remnants.  
 
  
 
Figure 4.11: Calcium carbonate used on an abraded surface. (A) 1000x, (B) 5000x. Arrow in B shows 
powder and biofilm left on the surface, there is biofilm remaining in the microscopic undercuts.  
 
  
 
Figure 4.12: Calcium carbonate powder in Acteon air polishing unit used on an SLA surface.  (A) 
1000x, (B) 5000x. Arrows show a loss of microscopic peaks in B, powder and biofilm left on the 
surface of B.   
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Figure 4.13: Sodium bicarbonate used on a polished surface. (A) 1000x, (B) 5000x. There is powder 
remaining on the surface, as shown by the arrow in A.  
 
   
 
Figure 4.14 Sodium bicarbonate used on an abraded surface. (A) 1000x, (B) 5000x. There are no 
major changes to the surface topography, and complete biofilm removal. 
 
  
 
Figure 4.15 Sodium bicarbonate used on an SLA surface. (A) 1000x, (B) 5000x. The arrow shows a 
loss of microscopic peaks in B.  
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Figure 4.16 Glycine powder used on a polished surface. (A) 1000x, (B) 5000x. There is complete 
removal of biofilm and no surface modifications.  
 
  
 
Figure 4.17 Glycine powder used on an abraded surface. (A) 1000x, (B) 5000x. There appears to 
be no surface change, but microbial deposits remain as shown with the arrow in B.  
 
 
  
 
Figure 4.18 Glycine powder used on a SLA surface. (A) 1000x, (B) 5000x. There appears to be 
complete biofilm removal, and no changes to the surface.  
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Figure 4.19 Ultrasonic scaler with Ti tip used on a polished surface. (A) 1000x, (B) 5000x. Arrow in 
A shows scratch marks from the ultrasonic scaler, and in panel B remnants of biofilm.  
 
  
 
Figure 4.20: Ultrasonic scaler with Ti tip used on an abraded surface. (A) 1000x, (B) 5000x. There 
is blunting of the surface roughness, and biofilm remains on the surface.  
 
  
 
Figure 4.21: Ultrasonic scaler with Ti tip used on an SLA surface. (A) 1000x, (B) 5000x. Arrows in A 
show a smear layer created. Arrows in B show biofilm remaining on the surface. 
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Figure 4.22: Hand carbon fibre scaler used on a polished surface. (A) 1000x, (B) 5000x. Arrows in a 
show biofilm remaining on the surface, however there appears to be no observable surface change.  
 
  
 
Figure 4.23: Hand carbon fibre scaler used on an abraded surface. (A) 1000x, (B) 5000x. Arrows in 
B show surface smearing and remaining biofilm.  
 
   
 
Figure 4.24: Hand carbon fibre scaler used on an SLA surface. (A) 1000x, (B) 5000x. Arrow in A 
shows a flattening effect and surface changes. In B, arrows indicate biofilm remaining.  
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Figure 4.25: Hand Ti scaler 4L/4R used on a polished surface. (A) 1000x, (B) 5000x. Arrows show 
biofilm remaining and scratch marks across the surface. 
 
  
 
Figure 4.26: Hand Ti scaler 4L/4R used on an abraded surface. (A) 1000x, (B) 5000x. Arrows show 
blunting of sharp features and biofilm remaining. 
 
  
 
Figure 4.27: Hand Ti scaler 4L/4R used on an SLA surface. (A) 1000x, (B) 5000x. Arrow in A shows 
a smear layer created across the surface. Arrows in B show biofilm remaining and smear layer. 
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Figure 4.28 Nickel-Ti brush used on a polished surface. (A) 1000x, (B) 5000x. There are scratch 
marks on the surface.  
 
   
 
Figure 4.29: Nickel-Ti brush used on an abraded surface. (A) 1000x, (B) 5000x. There is a flattening 
effect and gross modification to the surface.  
 
   
 
Figure 4.30: Nickel-Ti brush used on an SLA surface. (A) 1000x, (B) 5000x. There is a smearing 
effect and gross modification to the surface. In B, arrows show biofilm remaining.  
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Figure 4.31: Citric acid used on a polished surface. (A) 1000x, (B) 5000x. No changes are observed, 
but there is some biofilm remaining (arrow). 
 
   
 
Figure 4.32: Citric acid used on an abraded surface. (A) 1000x, (B) 5000x. No changes are observed, 
but there is some biofilm remaining. 
  
    
 
Figure 4.33: Citric acid used on an SLA surface. (A) 1000x, (B) 5000x. No changes to the surface 
are observed, but there appears to be biofilm remaining.  
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4.4 Discussion:  
 
The present in vitro study was designed to explore the effects of various debridement 
techniques/instruments (ranging from particle jet abrasion with different powders, to hand 
and powered instruments and chemical treatments) on three different types of implant 
surface covered with a mature biofilm. Whilst the previous chapter focused on the interaction 
of the implant surface with the instruments only, this chapter provides added complexity and 
greater clinical relevance since now there was a diverse multi-species biofilm present on the 
surface. In previous studies, it has been demonstrated that an increase in implant surface 
roughness results in the faster accumulation of biofilm. 143 
 
The CV assay has been used in the past to assess the biomass of a biofilm and show 
differences in the total load of bacteria present before and after treatment. To our 
knowledge, this is the first study to examine debridement effects using a complex multi-
species biofilm based on whole saliva in vitro as shown in Chapter 1 under Table 1.1. Past 
work has shown the effects of debridement instruments and subsequently impacts on 
colonisation of bacteria onto the treated surface. 191 One can combine the logic from both 
aspects, and state that some treatments, such as ultrasonic scalers, with roughen the 
surface and make subsequent colonization occur more readily, while other such as air 
polishing will leave a relatively unchanged surface which should not show any greater 
propensity to biofilm development after the treatment. 
 
The CV assay used in the present study showed that all treatments gave a reduction in 
biofilm biomass, with air polishing with glycine achieving over 95% biofilm removal. 
However, this assay does not assess aspects of metabolic activity (as the XTT assay does, 
discussed in chapter 5), nor can it give great insight into the antimicrobial activity of a 
treatment agent applied onto the biofilm, since CV staining will detect all bacteria present on 
a surface, regardless of whether alive or dead.  
 
The removal of mature biofilms from implants remains to be a challenge, especially on 
roughened surfaces. 183 In this study, we evaluated each debridement technique using a 
fixed amount of time that would be considered clinically appropriate. While all debridement 
techniques gave a reduction in biofilm compared to baseline, they were not equal in 
effectiveness, nor in terms of surface alterations. SEM examination revealed surface 
damage from ultrasonic scalers and hand instruments, as well as biofilm remnants present 
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on the surface after these treatments. One limitation of this study is one operator was used 
and the application of force was not measured, as the study was designed to simulate what 
would occur clinically.  An additional point is that the surfaces treated were macroscopically 
flat, rather than highly curved or threaded.   
 
In the current study, the Ni-Ti brush showed the worst profile overall, with least biofilm 
removed and the greatest amount of surface modification compared to the original surface 
as shown in Chapter 2. It has been claimed that a slowly rotating Ti brush is safe for use on 
implant surfaces, 174 and effective in removing biofilm compared to metal scalers, 172, 175 but 
these studies did not test different surface types nor did they use a complex biofilm.   
 
The present findings are consistent with previous investigations which showed that it is 
difficult to remove all biofilm from a surface with complex topography. 183, 191 While all 
debridement techniques used in the present study showed a greater than 80% reduction in 
biofilm when biomass was measured using the crystal violet assay, this is a greater amount 
of biofilm removal than other studies have reported for ultrasonic scalers. 63, 183 It remains 
unclear how much biofilm needs to be removed for the surface to be considered sufficiently 
‘clean’ for a favourable host response to the implant surface. 41 
 
Considering the abrasive particle groups, glycine appears to be promising as it gave the 
greatest amount of biofilm removal, but without surface alternations. Glycine has previously 
been reported as having antibacterial properties, 192 and has high biocompatibility. Because 
it appears safe to use on implant surfaces, glycine powder treatments could play a role in 
the management of PIM. 77, 80, 193 
 
The present study showed particle residues of calcium carbonate and sodium bicarbonate 
on some of the treated surfaces. This is consistent with previous work which showed sodium 
bicarbonate particles left on SLA surfaces. 194 The present study also found calcium 
carbonate powder residue on SLA surfaces, but no such residues from glycine powder. A 
further question would be about the impacts of this residue and its interaction with gingival 
tissue such as blood and gingival crevicular fluid. Given that calcium carbonate has low 
water solubility, large remnants of this could remain present for an extended time. In the 
surgical periodontal literature the It appears that glycine powder in the present study was 
found to be the most effective at removing biofilm across all three surfaces. These attributes 
make glycine the preferred powder of the three examined.  
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Past work has shown that metal scalers and metal ultrasonic tips damage implant surfaces 
and increase the surface roughness, 48, 88 which is consistent with the present results. One 
can conclude that such metal instruments should not be used on Ti surfaces because of the 
high risks of such surface alterations as well as being not as effective in removing biofilm 
compared to air based methods. 162 
 
The application of 20-40% citric acid has previously been explored as a potentially 
antimicrobial solution.  Some authors have reported that citric acid causes a reduction in 
biofilm in vitro but still leaves a biocompatible surface. 165, 167, 171 This is consistent with the 
present observations of 40% citric acid applied for 60 seconds giving good biofilm removal 
and no surface alterations.  
 
4.5 Conclusion: 
 
From the various debridement methods assessed in this study, glycine powder was the 
superior technique since it was significantly better at removing biofilm than all other methods 
both quantitatively and qualitatively. From the SEM observations it not cause surface 
alterations and removed the most amount of biofilm. The next best methods were calcium 
carbonate powder and citric acid, both of which caused a low level of surface change and 
were less effective at biofilm removal than glycine powder. These first and second ranked 
methods differ in their time of application, with glycine and calcium carbonate powders being 
used for up to 15 seconds, while citric acid is applied with a cotton swab for 60 seconds.  
 
Mechanical instruments marketed as ‘implant safe’ including ultrasonic scalers and hand 
scalers of various types do modify the surface even in the presences of a biofilm. Ti brushes 
were less effective for biofilm removal, and caused considerable modifications to Ti 
surfaces. Thus, mechanical instruments cannot be recommended if the objective of implant 
debridement is to remove the biofilm only and not modify the original surface.  
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Chapter 5: 
 
The Er:YAG laser as a debridement method 
for biofilm contaminated implant surfaces. 
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5.1 Introduction 
 
Lasers in dentistry have been developed as either an adjunct or alternative to traditional 
instruments such as handpieces and ultrasonics to modify and/or repair the soft and hard 
intraoral tissues. 195, 196 In implant dentistry, lasers have a range of potential applications 
which include debridement, decontamination, soft tissue ablation and surface modification. 
197 A wide range of lasers have been marketed for hard and soft tissue applications. The 
neodymium-doped yttrium-aluminium-garnet (Nd:YAG) laser and the carbon dioxide (CO2) 
laser can be used for ablation of peri-implant soft tissues. 198 Solid state erbium lasers such 
as the erbium chromium-doped yttrium-scandium-gallium-garnet (Er,Cr:YSGG) laser and 
the erbium-doped yttrium-aluminium-garnet (Er:YAG) laser have been recommended for 
procedures involving ablation of either soft or hard tissues in the mouth as the energy from 
this laser is absorbed strongly into water. 197 
 
Traditional periodontal debridement methods (such as using ultrasonic scalers and hand 
instruments made of stainless steel) are effective for treating teeth with periodontitis, but 
they cannot be applied in the same way for debriding the rough threaded surfaces of 
implants. 8 Despite being able to remove some of the biofilm, their use has been shown to 
cause surface damage on both a macro and micro scale. 65 The implant surface structure 
provides many protected areas for biofilms, which are inaccessible when conventional 
professional instruments are used for biofilm removal.    
 
As has already been discussed in this thesis, implants are notoriously difficult to clean. 49 
The difficulty in cleaning the surfaces of titanium implants lies in the topography of the 
implant surface. Most implants have threads at the macro level which make the use for 
instance of hand scalers particularly difficult, especially those with a high pitch.  On the micro 
level, various highly roughened surfaces designed to increase the surface area and promote 
osseointegration are a major factor for enhanced bacterial adhesion and accumulation of 
biofilms.  The roughness of the surface is a major obstacle for the removal of bacteria and 
their products. 49 Together, these macro and micro topographical features defy effective 
debridement by mechanical means. 50 
 
The complete removal of the biofilm and all debris from titanium implants has proved elusive 
to date, with the traditional instruments and approaches for debridement of root surface 
proving particularly ineffective when applied to implants.  Lasers have been suggested as 
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an alternative means of decontaminating dental implants. 50, 89 They have shown great 
promise for disinfection of titanium implant surfaces, with some studies showing nearly 
complete removal bacteria and debris from titanium surfaces. 91 
 
Two recent systematic reviews both agree that based on the current limited evidence, no 
treatment can be established as a gold standard approach for the treatment of PI. 37152, 199 
This means that the usefulness of lasers in implant debridement remains a question yet to 
be resolved. 
 
Lasers have been found to be effective for the reducing bacterial load on an implant surface, 
however laser irradiation may not necessarily achieve sterility94. The ability of the lasers to 
reduce bacterial viability is also dependent on the surface characteristics of the implant.  As 
discussed in Chapter 1, Kreisler et. al. found higher bacterial killing on smooth surfaces and 
lower effectiveness for rougher surfaces. They also established that the variable of laser 
power density makes a considerable difference to the killing capabilities, regardless of the 
laser used. 94   
 
Romanos et al. established that osteoblast cell attachment and morphology after laser 
irradiation is equal to that of sterile implant surfaces. 95 Kriesler et al. examined the 
biocompatibility of contaminated implant surfaces after treatment with either air-powder 
abrasion or the Er:YAG laser.96 The lowest cell growth and proliferation was seen for 
contaminated Ti surfaces, while cell growth was significantly greater on sterile (new), air 
powder treated, and Er:YAG laser-cleaned surfaces. 96 
 
Infrared lasers can exert powerful photothermal effects which can inactivate or destroy 
bacteria. The highly water absorbing far infrared energy from a carbon dioxide laser has 
potential application for destruction of bacteria. Deppe et al. found that the carbon dioxide 
laser when used for disinfection and when combined with soft tissue resection gave faster 
initial healing than conventional decontamination with soft tissue resection.45 Nevertheless, 
the long term outcomes were not significantly different, particularly when bone levels were 
compared after 4 years. The authors of this study also pointed out that the shape of the 
defect could prevent perpendicular delivery of laser energy, and that optimal therapy with 
this laser when used for disinfection would require changes to the delivery system of the 
laser to make it side firing. They also noted that bleeding from the surgical site during the 
procedure would have reduced the amount of laser energy reaching the implant surface, 
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and this attenuation by water absorption may have put the actual levels of energy well below 
those required for sterilization.  
 
As well as the Er:YAG and carbon dioxide lasers already mentioned, other lasers have been 
found to be of benefit in the treatment of PI.  Bach et al. found that near infrared diode laser 
irradiation reduced the rate of recurrence of PI to only 7%, most likely because of the 
disinfecting action of this laser.97 Likewise, several wavelengths of laser light have been 
shown to impede the progression of bone resorption in PI treatment regimens. 95-97, 199 
 
The biocompatibility of a laser-treated surface must also be considered. Guided bone 
regeneration or bone grafting may be used to treat peri-implant bone loss, however these 
surgical techniques both require a meticulously clean implant surface in order to achieve a 
good outcome. 91 
 
Sterilization and cleaning of implant surfaces by infrared lasers has been demonstrated in 
several reports, 50, 89, 98 and surface decontamination has been reported for both CO2 and 
Er:YAG lasers. Bone has been found to reattach to implants after infrared laser irradiation 
in a PI models in dogs, suggesting that laser treatment leaves a biocompatible surface. 99, 
200 A key issue is that while laser irradiation can rapidly reduce the bacterial load on an 
implant surface, it may not be able to render the surface sterile in all circumstances, 
depending on the geometry of how the laser light interacts with the biofilm on the implant 
surface. The ability of laser irradiation to reduce bacterial viability is influenced by the implant 
surface roughness.  Kreisler et al. 91 found greater bacterial killing for laser energy delivered 
at right angles to the surface for microbial deposits on smooth surfaces, and lower 
effectiveness for those on rough surfaces. They also showed that intensity (power density) 
strongly influences the disinfecting action.  
 
In order to optimize the effect of laser energy, it is important to achieve a side-firing effect 
so that laser light applied using a fiber which is parallel to the long axis of the implant is 
directed onto the implant surface at an optimal angle. Simplistically, one could consider this 
angle 90 degrees to the surface, however the presence of micro- or nano- roughness on 
surfaces means that a spread of angles should be even more effective. Depending on the 
light wavelengths used, such the optical fibres used to deliver energy to the side of a dental 
implant may be plain glass, glass which has been modified with fluoride, germanium, or 
other dopants to enhance infrared light transmission, or rare earth element compounds such 
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as germanium or gallium oxides. The latter are used with middle infrared lasers (Er:YAG 
and Er,Cr:YSGG). 
 
Fibres which are finished with their ends at right angles to the long axis emit light in a narrow 
bema path, while cone-shaped tips have side firing actions. 102 It is also possible to modify 
the end of the fibre using acid etching and particle abrasion, 102 producing spherical patterns 
of emission from a “honeycomb” surface. 90, 102 The applications of such honeycomb 
surfaces include broad lateral dispersion of visible red light as well as near and middle 
infrared light, for photodynamic and photothermal disinfection of subgingival areas and 
confined spaces. This type of optical fibre technology also reduces thermal stress in 
adjacent hard and soft tissues. 104 It can also be used for fluorescence detection of biofilms 
on complex surfaces, including those which are only several cell layers thick, and of free-
floating planktonic bacteria. 105  
 
An important issue to consider with lasers is whether irradiation causes adverse changes to 
the implant surface. 89 One would expect that higher peak powers would cause greater 
alterations, and this has been shown for CO2 lasers, which can cause undesirable implant 
surface alterations when used in the super-pulsed mode (when there are very high peak 
powers), but less damage occurs when the same laser is used in continuous wave mode. 
106 Likewise, the Er:YAG laser, which normally operates in free running pulsed mode, can 
cause damage to titanium surfaces when used at very high peak power settings. 93, 107  
 
In summary, the concept of using lasers to treat implant surfaces holds considerable 
promise, yet certain technical issues remain to be addressed, including controlling the laser 
effect (for example, through fluorescence feedback), achieving the correct geometry for 
delivery of laser energy (such as by using side firing fiber tips), and controlling undesirable 
thermal effects on the titanium surface and on the adjacent supporting bone. 91, 92, 102 The 
laser treated surfaces have high biocompatibility, and this is reflected in the clinical studies 
that have been undertaken to date and produced promising results. 94-96, 110 
 
Hypothesis  
 
The Er:YAG laser used in a pulsed mode to agitate fluids can remove biofilm without creating 
surface alterations.  
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Aims:  
 
1. To qualitatively and quantitatively assess biofilm removal using fluids agitated with 
the Er:YAG laser, versus the same fluid without laser agitation.  
2. To assess the performance of different fluids (water, saline, 3% hydrogen peroxide 
and 1.8% calcium hydroxide) for biofilm removal using the laser agitation approach.  
5.2 Methods:  
 
Saliva collection 
Stimulated saliva was collected from a single donor, with the approval of the University of 
Queensland Human Ethics committee (Approval no 2012000218). The subject chewed on 
sterile paraffin wax (Saliva Check Buffer™ kit, GC Corp., Tokyo, Japan) for 5 minutes to 
produce approximately 5 mL of stimulated saliva, which was collected into a sterile 40 mL 
specimen container.   
 
Disc preparation  
Grade four commercially pure titanium discs with 3 different surfaces (polished, SLA or 
abraded) were used as the substrate for growth of a complex multispecies biofilm. The discs 
were washed in 100% ethanol to remove any surface residues of oil and then packaged for 
steam sterilization. The roughness values for the surfaces were as follows: polished discs 
0.58±0.1µm, abraded discs 1.44±0.12µm, and SLA surfaces 1.30±0.17µm. Each treatment 
group comprised 7 discs (6 used for the XTT assay and one for SEM), with 56 discs being 
used in all to cover the 8 treatment protocols. 
 
Biofilm model 
After inoculation with stimulated human saliva, the discs were cultured in Brain Heart 
infusion (BHI) broth medium (supplier) supplemented with 5% defibrinated sheep’s blood 
and 10% human saliva in the wells of sterile 24 well plates. Each well was 20 mm in 
diameter, and was filled with 1.0 ml of BHI broth and then cultured for 96 hours under 
anaerobic conditions.  The presence of saliva in the broth ensured continual supply of viable 
organisms in the broth to give a sufficiently mature and complex biofilm after 96 hours.  
 
BHI broth was used as this is a general-purpose medium that has been found highly suitable 
for supporting the growth of organisms derived from human saliva.187, 188 The inclusion of 
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sheep’s blood as a supplement ensured that the broth was rich in protein and haemoglobin 
products, in order to encourage the growth of facultative and obligate anaerobes. 189 The 
resulting mixed species biofilm is comparable to that found in an in vivo PI environment 
established on hydroxyapatite discs. 189 
 
Debridement protocol  
 
Discs with biofilm were allocated into one of the following four treatment groups:  
1. 3% H2O2   
2. Sterile physiological saline (positive control)  
3. 1.8% saturated Ca(OH)2  
4. Sterile ultrapure water (negative control)  
 
 
 
Er:YAG laser energy (2940 nm wavelength, 20 Hz pulse frequency, 60 mJ per pulse energy, 
250 µsec pulse duration) was delivered onto the surface of samples covered with fluid only, 
or biofilm plus fluid. Half the groups were used with fluid and half without fluid. The laser 
(KEY-3+, KaVo, Biberach, Germany) was used with a dedicated handpiece (model 2061) 
with both internal water and air turned off, so that there was no disruption of the fluid or 
biofilm from these. The 2061 handpiece was held at 45 degrees to the disc surface. A 
cylindrical tip (0.55 mm diameter) with a bevelled edge was used as this was designed for 
treatment of PI.  
 
The laser tip was kept immersed in the fluid on the sample surface to generate agitation, but 
kept moving across the surface at a distance of between 0.5 to 1mm from the disc surface 
(i.e. without the tip touching the surface). All treatments were done by the same operator to 
ensure consistency. The irradiation period was 60 seconds for each sample. Samples with 
Er:YAG 2061 
handpiece without 
water and air 
1 min in 1ml 
sterilized water
1 min in 1ml 3% 
H2O2 solution
1 min in 1ml 1.8% 
Ca(OH)2 solution 
1 min in 1ml of 
physiological 
saline 
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the treatment solutions but without laser agitation served as controls to compare the effect 
of laser agitation with the effect of the fluid alone.  
 
After either 60 seconds of laser treatment or 60 seconds of sham laser treatment (i.e. fluid 
alone), discs were rinsed with phosphate buffered saline (PBS, 150 mmol/L, pH 7.2) to 
remove any non-attached biofilm including planktonic and/or non-adherent cells.  
 
SEM: 
SEM assessment included control discs with no biofilm, discs with biofilm treated with 
solution only, and discs treated with solution plus Er:YAG laser agitation. One disc per group 
was chosen by random selection and used for SEM analysis. For this purpose, the biofilm 
remaining on the disc chosen for SEM was first fixed using 10% buffered neutral formalin 
solution for 24 hours. After being rinsed in PBS, discs were placed into 100 mmol/L 
cacodylate buffer for 1 hour, then post-fixed for 24 hours with 1% osmium tetroxide, then 
washed again in cacodylate buffer before being dehydrated with graded ethanol solutions 
(50%, 70%, 80%, 90%, and 100% ethanol solutions for 30 minutes each) and then dried 
overnight in a fume hood. Samples were then located onto aluminium stubs using 
conductive carbon tab, and sputter coated with a 10 nm gold layer (Coating Unit 5100, 
Polaron, Lewes, UK) and observed with a field emission SEM (Zeiss, Zeiss Sigma VP, Jena, 
Germany) at standardised series of magnifications (1000x and 5000x) using secondary 
electron mode at an accelerating voltage at 10 kV under high vacuum conditions. 
 
Quantitative analysis of biofilm by XTT assay: 
Six samples from each group were assessed for residual biofilm biomass using an assay 
based on the reduction of the tetrazolium salt XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-
Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide). This assay had been used previously to 
estimate viable biofilm growth and to examine the impact of biofilm therapies, 201 by 
assessing the ability of metabolically active sessile cells to reduce the XTT to water-soluble 
orange formazan compounds, the intensity of which can then be determined using a 
microtiter-plate reader. Samples were placed into separate wells in 24 well plate, into which 
were then placed 1.0 mL aliquots of XTT solution (ThermoFisher Scientific, Newstead QLD). 
The plates were incubated for 4 hours at 37 degrees Celsius. Aliquots of 200μL per well 
were taken from each well and transferred to 96 well plates so that the absorbance at a 
wavelength of 492 nm could be measured using a spectrophotometer (Tecan, Infinite 200 
PRO series, Männedorf, Switzerland) designed to read 96 well microplates. 201 
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Statistical analysis:  
The data from the 6 replicate samples for XTT were collated and results expressed as the 
mean and standard deviation. Differences between groups were assessed using one way 
ANOVA. A probability value of P < 0.05 was used as the significance level.  
 
5.3 Results: 
 
Overall the action of the laser as a means to agitate various water-based solutions 
considerably increased the removal of biofilm above the level caused by the solutions alone, 
on all types of surfaces (Tables 5.1 and 5.2).   
 
Table 5.1: Optical density measurements in the Polished (P) group.   
 
Group Mean Median SD Max Min Bacterial 
reduction 
(%) 
P 
value  
Control/baseline  0.438 0.422 0.091 0.584 0.347   
Laser H2O2 0.095 0.095 0.001 0.097 0.094 77.5% <0.001 
H2O2 only 0.107 0.107 0.008 0.116 0.099 74.4% <0.001 
Laser H2O 0.097 0.098 0.001 0.099 0.096 77.0% <0.001 
H2O only 0.233 0.234 0.064 0.293 0.172 47.2% <0.001 
Laser NaCl 0.097 0.097 0.005 0.103 0.092 77.0% <0.001 
NaCl only 0.185 0.181 0.031 0.233 0.153 57.3% <0.001 
Laser Ca(OH)2 0.094 0.094 0.004 0.099 0.089 77.7% <0.001 
Ca(OH)2 only 0.124 0.121 0.011 0.144 0.115 70.9% <0.001 
P values are for the biofilm remaining after treatment versus biofilm present at baseline. 
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Table 5.2: Optical density measurements in the Abraded (A) group. 
 
Group Mean Median SD Max Min Bacterial 
reduction 
in % 
P 
value  
Control/baseline  0.312 0.314 0.067 0.397 0.235   
Laser H2O2 0.104 0.104 0.003 0.108 0.100 65.3% <0.001 
H2O2 only 0.108 0.108 0.004 0.114 0.103 64.2% <0.001 
Laser H2O 0.122 0.118 0.027 0.154 0.096 60.9% <0.001 
H2O only 0.249 0.255 0.062 0.315 0.181 13.3% >0.05 
Laser NaCl 0.101 0.099 0.008 0.113 0.094 66.1% <0.001 
NaCl only 0.236 0.028 0.028 0.263 0.210 22.9% <0.05 
Laser Ca(OH)2 0.099 0.099 0.007 0.107 0.093 67.2% <0.001 
Ca(OH)2 only 0.137 0.129 0.020 0.175 0.119 55.0% <0.001 
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Table 5.3: Optical density measurements in the SLA group. 
 
Group Mean Median SD Max Min Bacterial 
reduction 
in % 
P 
value  
Control/baseline  0.238 0.245 0.035 0.272 0.197   
Laser H2O2 0.098 0.098 0.005 0.103 0.092 58.4% <0.001 
H2O2 only 0.146 0.147 0.010 0.156 0.134 38.2% <0.001 
Laser H2O 0.095 0.095 0.009 0.105 0.084 59.0% <0.01 
H2O only 0.224 0.225 0.095 0.235 0.186 0% >0.05 
Laser NaCl 0.093 0.092 0.015 0.095 0.089 60.6% <0.001 
NaCl only 0.138 0.135 0.015 0.172 0.117 37.7% <0.001 
Laser Ca(OH)2 0.100 0.100 0.001 0.101 0.099 57.2% <0.001 
Ca(OH)2 only 0.128 0.122 0.015 0.154 0.117 45.2% <0.001 
 
Effects of surface type and type of solution:  
As shown in Figure 5.1, with the polished surface, there was no difference using water or 
H2O2 with laser based activation (P=0.9916 for water, P=0.823 for H2O2). There was a 
difference when comparing Ca(OH)2, water and saline, (P<0.001), with the Ca(OH)2 solution 
being more effective than water or saline on biofilm removal from polished surfaces when 
not activated by the laser.  
 
As shown in Figure 5.2, for the abraded surface, the biofilm removal effects of laser agitation 
were not influenced by the choice of water-based solution (P=0.3748) or H2O2 (P=0.522). 
On abraded surfaces with biofilms, application of Ca(OH)2 alone without any laser activation 
caused a reduction in biofilm, but this same effect was not seen with saline, water or 
hydrogen peroxide.  
 
As shown in Figure 5.3, laser treatment of SLA discs achieved biofilm reduction of greater 
than 55%, regardless of what type of solution was used, and there was not a statistically 
significant difference in performance between the various solutions, (P=0.855) such that 
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each was equally effective on this surface. Water used without laser activation showed poor 
effectiveness for biofilm removal versus baseline (P=0.373). Water used without laser 
activation was the least effective method of all the treatments tested (Table 5.3).  
 
 
 
 
Figure 5.1: Polished group treatments ranked in order from most effective to least effective 
for biofilm removal. N.S indicates that differences between the groups are not statistically 
significant. SALINE L= 0.9% NaCl with laser agitation, H2O L = distilled water with laser 
agitation, CAOH L = 1.8% Calcium Hydroxide with laser agitation, H2O2 = 3% hydrogen 
peroxide with laser agitation. SALINE = 0.9% NaCl solution only, H2O = water only, H2O2 
= 3% hydrogen peroxide only, CAOH = 1.8% Calcium hydroxide only.   
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Figure 5.2: Abraded group treatments ranked in order from most effective to least effective. 
N.S indicates that differences between groups were not statistically significant. 
 
 
Figure 5.3:  SLA group treatments ranked in order from most effective to least effective. N.S 
indicates not statistically significant.  
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Figure 5.4: Percentage reduction in biofilm compared to baseline for the 3% hydrogen 
peroxide group when exposed to the Er:YAG laser, compared to placing a disc in the 
same solution for 60 seconds without laser agitation.   
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Figure 5.5: Percentage reduction in biofilm compared to baseline for the distilled water group 
when exposed to the Er:YAG laser, compared to placing a disc in the same solution for 60 
seconds.  
 
Figure 5.6: Percentage reduction in biofilm compared to baseline for the physiological saline 
group when exposed to the Er:YAG laser, compared to placing a disc in saline for 60 
seconds.   
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Figure 5.7: Percentage reduction in biofilm compared to baseline for the calcium hydroxide 
solution group when exposed to the Er:YAG laser, compared to placing a disc in the same 
solution for 60 seconds.  
  
0
10
20
30
40
50
60
70
80
90
CaOH P L CaOH P CaOH A L CaOH A L CaOH SLA L CaOH SLA
P
e
rc
e
n
ta
g
e
 r
e
d
u
c
ti
o
n
 (
%
)
122 
 
   
   
Figure 5.8: Typical examples of 96 hour biofilms grown on titanium discs using saliva as the 
inoculum grown under anaerobic conditions. (A) and (D) show biofilm grown on a polished 
surface, (B) and (E) on an abraded (blasted) surface, and (C) and (F) on an SLA surface. 
 
 
   
Figure 5.9: Effects of laser treatment alone on titanium discs. The KaVo KEY3 Er:YAG laser 
was used on the surface of titanium discs at a pulse frequency of 20 Hz and a pulse energy 
of 60 mJ for a total of 60 seconds. (A) represents a polished surface, (B) an abraded 
(blasted) surface and (C) an SLA surface. 
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Hydrogen peroxide group:  
 
Application of the Er:YAG into a 3% hydrogen peroxide solution resulted in biofilm reduction 
of 58.43% in the SLA group, 65.28% in the abraded group and 77.51% reduction in the 
polished group, all of which were statistically significant reductions from the baseline value 
(P<0.001), as shown in Tables 5.1-5.3. SEM examination demonstrated that a majority of 
the biofilm had been removed, as the original surface could be seen at 1000x (Figure 5.10) 
compared to the untreated samples with a biofilm present (Figure 5.8). At high magnification, 
only single cells remained well attached. There was little or no modification of the surface 
topography (Figure 5.10)  
 
The application of 3% H2O2 only without laser agitation did not give marked visible changes 
to the biofilm on any of the three surfaces compared to Figure 5.9, which biofilm remaining 
on the surface of the discs as observed by SEM (Figure 5.11). From the XTT data, hydrogen 
peroxide solution for 60 seconds gave a reduction in biofilm metabolic activity ranging from 
38.18% (SLA group) to 74.40% in the polished group (Tables 5.1, 5.3 and Figure 5.4).  
 
     
     
Figure 5.10: Effects of the Er:YAG laser when used at 20 Hz and 60 mJ for a total of 60 
seconds to agitate 1.0 mL of 3% H2O2. Upper panels are 1000x, while lower panels are 
5000x magnification. (A) and (D) represent a polished surface, (B) and (E) an abraded 
(blasted) surface, and (C) and (F) an SLA surface. 
  
A B C 
D E F 
124 
 
 
     
     
Figure 5.11: Effects of 3% hydrogen peroxide application alone on biofilms as a vehicle 
control, i.e. without laser agitation. Upper panels are 1000x, lower panels are 5000x 
magnification. (A) and (D) show biofilm on a polished surface, (B) and (E) on an abraded 
(blasted) surface, and (C) and (F) on an SLA surface. 
 
Water group: 
Using the Er:YAG into water reduced biofilm activity in the XTT assay by 58.43 to 74.40% 
across the different surface groups. In all cases, the XTT results were statistically different 
than the baseline (P<0.001). There were few cells remaining attached on the surface of the 
discs, and no changes in surface topographical characteristics (Figure 5.12). 
 
In comparison, placement of water alone without laser agitation did not cause meaningful 
changes to the biofilm as viewed by SEM. As shown in Figure 5.13, when water was used 
as the solution but was not agitated with the laser, there was still a mature biofilm remaining 
attached to the surface, and none of the original surface could be seen. According to the 
XTT data, water for 60 seconds reduced biofilm metabolic activity on SLA surfaces by 0% 
(SLA group), by 13.25% on abraded surfaces and by 45.15% on polished surfaces, as 
shown in Tables 5.1 – 5.3. It also appears that activating the water with a laser provides a 
greater reduction in biofilm metabolic activity compared to placing the discs in water only 
(Figure 5.5). 
 
A B C 
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Figure 5.12: Effects of the Er:YAG laser when used to agitate sterile distilled water on the 
surface of a disc. Upper panels 1000x, lower panels 5000x magnification. (A) and (D) 
represent a polished surface, (B) and (E) an abraded surface and (C) and (F) an SLA 
surface.  
 
 
     
     
Figure 5.13: Effects of distilled water as a vehicle control when applied to biofilms for 60 
seconds. Upper panels 1000x, lower panels 5000x magnification. (A) and (D) are biofilms 
grown over a polished surface, (B) and (E) over an abraded surface, and (C) and (F) over 
an SLA surface. 
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Saline Group:  
 
Laser agitation of saline reduced biofilm metabolic activity by 60.57 – 76.98% across the 
different surface groups, as shown in Tables 5.1-5.3, and these effects were statistically 
significant changes from the baseline for all three surfaces. By SEM, individual remaining 
cells could be seen at 1000x (Figure 5.14). At 5000x there was a type of a surface ‘melting’ 
or fusion of biofilm components onto the disc surface (Figure 5.14F).  
 
When saline was present without laser agitation, the biofilm remain unchanged in terms of 
its appearance under SEM (Figure 5.15), remaining uniform, thick and homogenous, and 
covering all of the original disc surface (Figures 5.15A-C).  However, based on XTT data 
there was also a reduction in biofilm activity (Tables 5.1-3), particularly in the polished 
surface group (Table 5.1). Activating the saline with a laser provides a greater reduction in 
biofilm metabolic activity compared to placing the discs in saline only (Figure 5.6). 
 
    
     
Figure 5.14: Effects of the Er:YAG laser when used to agitate 1.0 mL of 0.9% NaCl (saline) 
on the surface of a disc. Upper panels 1000x, lower panels 5000x magnification. (A) and (D) 
show a polished surface, (B) and (E) an abraded surface, and (C) and (F) an SLA surface. 
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Figure 5.15: Effects of saline alone on biofilms when 1.0 mL of 0.9% NaCl (saline) was 
applied for 60 seconds as a vehicle control. Upper panels 1000x, lower panels 5000x 
magnification. (A) and (D) show a biofilm grown over a polished surface, (B) and (E) over 
an abraded surface, and (C) and (F) over an SLA surface. 
 
Calcium Hydroxide group: 
 
When the Er:YAG laser was used to agitate the 1.8% calcium hydroxide solution, the biofilm 
was mostly removed, with only single cells remaining, as shown in Figure 5.16. Some 
remnants of the extracellular polysaccharide biofilm matrix could be seen at high 
magnification (Figures. 5.16D-F). This was most obvious on the abraded surface, as shown 
in Figure 5.16E.  
 
With laser agitation, according to XTT data, there was a reduction in biofilm metabolic activity 
by 57.12% in the SLA group (Table 5.3), 67.24% in the abraded group (Table 5.2) and 
77.69% in the polished group (Table 5.1). Laser activation of calcium hydroxide did not result 
in a greater reduction in biofilm metabolic activity compared to placing the discs in calcium 
hydroxide only (Figure 5.7). 
 
Under SEM, after being placed into the Ca(OH)2 solution without any laser agitation the 
biofilm was relatively unchanged from its initial appearance (Figure. 5.17A-C). However the 
viability of the biofilm was reduced significantly by 55.0% on the abraded surface, 45.22% 
on the SLA surface, and 70.85% on the polished surface (Tables 5.1-5.3).  
A B C 
D E F 
128 
 
 
      
     
Figure 5.16: Effects of the Er:YAG laser when used to agitate 1.0 mL of 1.8% calcium 
hydroxide solution on the surface of a disc. Upper panels 1000x, lower panels 5000x 
magnification. (A) and (D) show a polished surface, (B) and (E) an abraded surface, and (C) 
and (F) an SLA surface. 
 
     
     
Figure 5.17: Effects of calcium hydroxide alone on biofilms when 1.0 mL of 1.8% calcium 
hydroxide was applied for 60 seconds as a vehicle control. Upper panels 1000x, lower 
panels 5000x magnification. (A) and (D) show a biofilm grown over a polished surface, (B) 
and (E) over an abraded surface, and (C) and (F) over an SLA surface. 
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5.4 Discussion:  
 
This investigation examined the effects of an Er:YAG laser as a means to agitate fluids to 
better disrupt or inactivate biofilms grown on three different titanium surfaces in vitro. Laser 
activation was shown to improve the action of water, saline and hydrogen peroxide, but not 
calcium hydroxide. The effects were shown using a mixed mature biofilm. This model was 
chosen as it should be comparable to a biofilm on an implants. Such mature biofilms are 
known to induce in the host inflammatory mediators and bone resorption. 202, 203 
 
With current therapies one wants to see improvements in clinical outcomes (such as 
bleeding on probing, probing depths, or clinical attachment levels) as well as in 
microbiological parameters. 204 Using a pulsed Er:YAG laser has the potential to both 
remove biofilm and also to sterilise the surface without modifying the original topography. 
There have been promising results in this regard in a number of in vitro studies, 91, 205-208 
however to date no studies have examined laser agitation of fluids such as saline, hydrogen 
peroxide, or calcium hydroxide, but instead have used plain water as the water mist cooling 
spray for the laser. In water-based fluids, cavitation events would be expected to enhance 
the antimicrobial action of hydroxyl ions or reactive oxygen species. The results obtained in 
this experiment indicate that laser agitation of fluids does improve their performance as 
gauged by both reductions in biofilm metabolic activity and by the SEM imaging of the 
surface for residual biofilm.  
 
One strong argument for the use of Er:YAG lasers to debride implant surfaces is that it can 
decontaminate the implant surface without other adverse effects. Because Er:YAG lasers 
can damage the surface when used at very high pulse energies and high peak powers, it is 
important to choose a low pulse energy such as that used in the present study, which is 
considered safe for teeth as well as for dental implants, and to take on board the type of 
original implant surface. 209, 210 A low pulse energy makes it possible to avoid surface 
damage, something which is important for complex specialized surfaces. 211 The 
effectiveness of bacterial removal will be affected by the nature of the surface, as shown by 
Quaranta et al. 210 This point is relevant to Er:YAG lasers as well as to others such as diode 
lasers. 212, 213  
 
A 2013 review of lasers for implant surface debridement noted that as yet there is not a 
consensus in terms of ideal parameters. 208 In the present study, using 60 mJ/pulse 
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delivered at a frequency of 20 Hz, there were no problems with surface damage regardless 
of what solution was used, despite there being good biofilm removal. There was minimal 
biofilm left on the laser irradiated surfaces, which was mostly single adherent cells. This 
stood in contrast to the situation where biofilms were exposed to fluids but not to the Er:YAG 
laser. The results from the present study suggest that a 60 second application time results 
in near complete removal of the biofilm and leaves the surface unchanged, however it does 
not render the surface completely sterile.  
 
In the present study, biofilm metabolic activity was assessed using the XTT assay, within 
which a yellow dye is reduced to orange by viable cells. The XTT assay has previously been 
shown to be a suitable method to measure biofilm on treated titanium discs. 201 For the 
purpose of this study, the reduction in concentration of formazan end product means that 
either cells are not viable or that they have been dispersed from the surface. 214 This is why 
it was considered necessary to examine the remaining biofilm on the discs directly using 
SEM. The major advantage of XTT over traditional methods such as plating out to calculate 
colony forming units (CFUs) is that in a mixed species biofilm model, the XTT assay can 
detect all organisms which are present, including strict anaerobics. The assay would also 
detect inhibitory effects of laser treatment on fungi present in biofilms. Previous studies have 
shown that Er:YAG laser treatment can reduce the extent of biofilms of Candida albicans 
grown on the surface of smooth titanium discs. 205 
 
5.5 Conclusion:  
 
From the results of this study, it appears that regardless of the type of solution used, Er:YAG 
laser agitation at 60 mJ/pulse at a pu8lse frequency of 20 Hz applied for one minute will 
result in a significant reduction in biofilm activity reduction and minimal or no surface 
modification, regardless of the type of surface.  
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Chapter 6: 
 
Low current electrolysis 
for removal of biofilm from titanium surfaces 
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6.1 Introduction 
 
Over the past 50 years, Ti dental implants have become an increasingly popular and reliable 
method for replacing missing teeth. Bone will integrate with the oxide layer on the surface 
of Ti, providing a rigid support for suitable prostheses such as full crowns. However, after 
the implant fixture has been restored, complications such as the development of biofilm on 
its surface can drive biological complications such as PIM and PI. PIM has been defined as 
biofilm-induced inflammation that is limited to the gingivae, with no bone loss around the 
fixture, 10 even though there is bleeding on probing. Whether or not PIM progresses to PI, 
where bone loss occurs, depends on the nature of the host’s immune response to the 
biofilm. 10  
 
While biofilms have been implicated as causal factors in the development of implant related 
diseases, to date the goal of achieving complete decontamination of the surface remains 
elusive. 67 Currently open surgical debridement has been recommended over a closed 
debridement approach as it is a more predictable and reliable approach to managing 
infection around an implant. 37 Common treatment approaches to remove biofilm from the 
threaded portion of implants involve either mechanical removal using some type of 
instrument, chemical disinfection of the surface, or a combination of both. 37 Current biofilm 
removal methods require frequent application, and have the potential to modify the implant 
surface by either corroding the surface or changing the original physical characteristics, 
something that may reduce the biocompatibility of the surface and enhance subsequent 
biofilm accumulation. 48, 88  
 
Chemical approaches do not penetrate to the full depth of the biofilms, and they struggle to 
achieve sufficient levels of kill because the susceptibility of bacteria in biofilms to common 
biocides is reduced by 500-5000 times compared to bacteria in the free floating planktonic 
form. 111 As the biofilm is a diverse community, using just one biocide is unlikely to be 
effective. 112 
 
Because the extracellular polysaccharide (EPS) matrix of a biofilm is electrically charged, 
when an electrical current is applied through the biofilm this may disrupt the EPS as well as 
enhance penetration of certain charged biocides by increasing the permeability of the EPS, 
causing a degree of biofilm removal. 113, 215 
 
133 
 
If one applies this concept to Ti dental implants, because of their metallic and electrically 
conductive nature, it should be possible to pass an electrical current through them, causing 
disruption and removal of the attached biofilm without any physical debridement being 
required, and without causing clinically significant damage or modification to the fixture 
surface. 115, 216 Electrolysis of water causes decomposition of water into oxygen gas (from 
oxidation at the anode) and hydrogen gas (from reduction at the cathode) as an electric 
current being passed through the water, provided  a potential difference of 1.23 volts of 
direct current is applied.  
 
Rabininivitch and Stewart demonstrated the effect of electrical current on biofilms of 
Staphylococcus epidermidis grown on a stainless steel anode. 116 They observed that after 
30 seconds much of the biofilm was visibly removed, and there was a 4 log reduction in 
viability. 116 How these effects could be applied to Ti surfaces has not yet been explored in 
detail. Bearing in mind that in the clinical situation the fluid environment around an implant 
fixture is not pure water but a physiological solution containing sodium, potassium, chloride, 
bicarbonate and other ions, the effects of electrical currents are more complex. For 
example, in the presence of saline (sodium and chloride ions in water), the reaction 
products include chlorine gas (at the anode) and hydroxyl ions (at the cathode, from 
aqueous sodium hydroxide). Both hydroxyl ions and chlorine gas can have powerful 
disinfectant actions. Adding to this, the generation of bubbles of gas would in itself have 
some physical disrupting effect on biofilms, as has been suggested by Mohn et al. 117 which 
could aid in detaching biofilm from the surface. 118, 217  
 
Other authors have suggested that the antibacterial effects of biocides and antibiotics could 
be enhanced by the use of an electrical current through biofilm present on the surface of 
an implant, as a ‘bioelectric effect’. 113 Applying electrical current could therefore either 
augment or replace traditional approaches to biofilm removal from Ti dental implants. 117 If 
properly controlled, the generation of chlorine gas at the cathode could help disrupt biofilm 
or cause it to detach from the surface, thereby giving a level of disinfection of the implant 
surface. 117 The pH environment of the biofilm will also be altered because of 
electrochemical effects including production of hydroxyl ions at the cathode, which could 
affect its viability. 
 
Past work for electrolysis has employed high voltages, because of a so-called “overvoltage 
effect”, in order to enhance the reaction rate. As the use of high voltages raises concerns 
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for safety for any clinical application, the alternative approach is to use voltages just above 
the level where water electrolysis reactions are triggered. It should be possible to gain the 
benefits of electrochemical effects at a very low voltages around 1 volt DC. At such levels 
it is then necessary to determine what level of current is required (in milliamperes). Past 
studies have not shed light on what current flow is critical for biofilm removal. 115, 117, 118, 216 
 
Another limitation of past work has been the lack of complexity of the biofilms used, as 
previous authors have used single or dual species biofilms grown on Ti surfaces using a 
disc model, rather than complex multi-species biofilms. Thus, the present study was 
undertaken to examine electrochemical disinfection effects at low voltage, exploring the 
variables of current flow, time, pH and saline concentration.  
 
Hypothesis: Very low current (mA) will remove a mature biofilm at both the anode and 
cathode on Ti smooth surfaces.  
 
Aim: To explore quantitative and qualitative methods to document the effects of current 
strength, saline concentration, the effects of buffer and time on biofilm contaminated Ti 
surfaces.  
6.2 Methods 
 
Disc preparation  
Grade four commercially pure Ti discs were used as the substrate for a complex 
multispecies biofilm. The discs were washed in 100% ethanol to remove any surface 
residues of oil and then packaged for steam sterilization. The surface of the disc was not 
roughened. Biofilms were then established using salivary inocula as described in Chapter 
4.  
 
Electrochemical treatments 
Ti discs covered by biofilm were used as the anode and the cathode, the discs were placed 
into 20 mL of the appropriate solution within a plastic container, with an alligator clip 
attached to make the electrical connection to each disk. The power source was a D size 
1.5 volt alkaline battery (Energizer Max, Eveready, Sydney, Australia). Current was 
controlled by a resistor wheel (model RR0700, Jaycar Electronics, Rydalmere, NSW, 
Australia) which could select one of 36 different resistors applied in series with the load. 
135 
 
Current flow through the circuit and the applied voltage across the load were both measured 
using high impedance multimeters (model QM1549, Jaycar Electronics, Rydalmere, NSW, 
Australia). The experimental variables which were explored were: 
 
1. Current flow (0, 1, 2, 3, 4, or 5mA of electrical current for 15 minutes) at 1 volt using 
sterile physiological saline (0.9% NaCl) as the fluid; 
2. Time (0, 1, 2, or 5 minutes) using 1mA current at 1 volt using sterile physiological 
saline (0.9% NaCl) as the fluid; 
3. Concentration of saline: 0% (distilled water), 0.45% 0.9% and 1.8% w/v NaCl using 1 
volt and 1mA for 1 minute.  
4. Buffer strength (phosphate buffer pH 7.2 at 0, 150 mmol/L and 300 mmol/L) using 
1mA current at 1 volt. 
 
Quantitative analysis of biofilm by XTT assay 
Six samples (three from the Anode, and three from the cathode) from each group were 
assessed for residual biofilm biomass using an assay based on the reduction of the 
tetrazolium salt XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide). This assay has been used previously in this thesis to estimate viable biofilm 
growth and to examine the impact of biofilm therapies, by assessing the ability of 
metabolically active sessile cells to reduce the XTT to water-soluble orange formazan 
compounds, the intensity of which can then be determined using a microtiter-plate reader, 
as described in Chapter 5. 
 
Confocal microscopy:  
Treated discs were washed in PBS and the biofilm stained using the Live/Dead BacLight™ 
bacterial viability kit (Molecular Probes, ThermoFisher scientific, Waltham, MA USA), to 
reveal live cells (fluorescent green) and dead or inactive cells (fluorescent red). Samples 
were then examined in a confocal microscope (C2+, Nikon, Tokyo, Japan) using laser 
excitation with appropriate filters, and representative images taken of the surface (field area  
420 × 320 μm = 0.13 mm2).  
 
SEM: 
Control discs with no biofilm and with biofilm but not electrochemical treatment were 
assessed together with treated discs. Two treated discs (one anode and one cathode per 
group) were used. Discs were washed in PBS then placed into 100 mmol/L cacodylate 
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buffer for 1 hour, then post-fixed for 24 hours with osmium tetroxide, then washed again in 
cacodylate buffer and dehydrated with graded ethanol solutions (50%, 70%, 80%, 90%, 
and 100% ethanol solutions for 30 minutes each) and finally dried overnight in a fume hood, 
before being located onto aluminium stubs using conductive carbon tab, and sputter coated 
with a 10 nm gold layer (Coating Unit 5100, Polaron, UK) and observed with a field emission 
SEM (Zeiss Sigma VP, Jena, Germany) at standardised series of magnifications (1000x 
and 5000x) using secondary electron modes at an accelerating voltage at 10 kV under high 
vacuum conditions. 
 
Statistical analysis:  
The results were expressed as mean – SD and between groups will be completed using 
one way ANOVA test. A probability value of P = 0.05 was used as the significance level.  
 
6.3 Results  
 
Effect of current 
As shown Figure 6.4, after 15 minutes of a constant current between 1-5 mA in the presence 
of physiological saline, the XTT data showed a reduction in biofilm activity from the baseline 
untreated values that ranged from 72.3% (+/- 2.9) to 74.7% (+/- 5.0) at the cathode, and 
65.1% (+/- 6.1) to 71.5% (+/- 11.5) at the anode. There was a trend towards lower biofilm 
activity with greater current for 15 minutes at the cathode. There was a statistically 
significant difference between the treatment groups with increasing in current (P = 0.0174), 
as shown in Figures 6.1 and 6.2. 
 
The reductions in biomass observed in the XTT data are consistent with the findings from 
confocal microscopy which show a dispersal of biofilm with increasing current at the 
cathode but much less change at the anode (Figs 6.7-6.16). Biofilm dispersal is especially 
prominent at the cathode after 5 minutes, as shown in Fig 6.16.  
 
SEM examination of the samples (Figures 6.44-6.53) reveals significant detachment of 
biofilm at the cathode, and this is especially pronounced after 15 minutes at 5 mA, where 
there is almost complete removal of the biofilm and some of the underlying Ti is affected.   
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Effects of time  
As shown in Figure 6.3, XTT results reveal that there is greater reduction in biofilm activity 
at the cathode and anode. Progressively greater biofilm removal is seen by confocal 
imaging (Figures. 6.17-6.22) and SEM (Figures 6.34- 6.39) after 5 mins as compared to 1 
min, and again between 15 min and 5 min, for the same current of 1 mA (Figure 6.22).  
 
Effect of saline concentration  
XTT data for saline concentration are presented in Figure 6.5. There was no significant 
biofilm removal in the absence of saline, i.e. when the fluid used was distilled water. 
Keeping the time at 1 min and the current at 1 mA, there was trend for greater biofilm 
removal with increasing saline concentration from 0.45 to 0.9%, both at the anode and the 
cathode. At the anode, biofilm removal as gauged by XTT increased from 69.3% (+/- 5.5) 
to 70.6% (+/- 4.3) to 70.5% (+/- 4.7) with increasing saline concentration from 0.45% to 
0.9% to 1.8%. Likewise, at the cathode, the corresponding values were 69.1% (+/- 6.1), 
72.6% (+/- 6.1), and 72.5% (+/-4.5), respectively.  
 
Using confocal imaging, it was noted that when the fluid used for electrolysis was distilled 
water (Figures 6.23-6.24), a dense biofilm persisted which was still viable and biologically 
active. As saline concentration increased, greater dispersal of biofilm occurred. At a saline 
concentration of 1.8%, the dispersal is so profound, particularly at the cathode (Figure 
6.28), that bacterial activity resembles that of the planktonic state. This same effect can be 
seen in the SEM images (Figure 6.59), which show greater biofilm dispersal with increasing 
saline concentration, particularly from the cathode, as demonstrated in Figures 6.54-6.59. 
At the highest saline concentration of 1.8%, underlying Ti has become exposed at the 
cathode, but not at the anode.  
 
Effect of buffer  
In the absence of electrical current, buffer did not affect biofilm activity. When electrical 
current was employed, the presence of a buffer increased biofilm removal. Doubling the 
buffer strength and the accompanying saline concentration gave an incremental 
improvement in biofilm removal. There was little difference between the reductions seen at 
the anode and at the cathode in the buffer strength experimental series, which contrasted 
with other parts of the study. XTT data show that PBS gave a reduction in biofilm activity of 
70.5% (+/- 7.7) and 69.2% (+/- 5.1) at the cathode, as shown in Fig. 6.6. The similar 
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responses were seen in the confocal (Figures 6.29-6.32) and SEM images of the same 
series (Figures 6.40-6.43).    
 
 
 
Figure 6.1: Comparison at the anode for baseline biofilm versus treatment groups, with 
biofilm measured as XTT optical density.  
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Figure 6.2: Comparison at the cathode for baseline biofilm versus treatment groups.   
 
 
Figure 6.3: Percentage reduction in biofilm activity with increasing time of exposure to an 
electrical current of 1mA.  
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Figure 6.4: Percentage reduction in biofilm activity with increasing current over 15 minutes.  
 
  
 
 
Figure 6.5: Percentage reduction in biofilm activity with increasing saline concentration at 
1 minute of exposure to 1mA of electrical current.  
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Figure 6.6: Percentage reduction in biofilm activity with PBS buffer only compared to a 
mixture of PBS buffer and 0.9% NaCl.  
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The effect of current (confocal imaging): anode (left) vs cathode (right)  
Figure 6.7: 1 mA anode 
 
Figure 6.8: 1 mA Cathode 
 
Figure 6.9: 2 mA anode 
 
Figure 6.10: 2 mA cathode 
 
Figure 6.11: 3 mA anode 
 
Figure 6.12: 3 mA cathode 
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Figure 6.13: 4 mA anode 
 
Figure 6.14: 4 mA cathode 
 
             Figure 6.15: 5 mA anode 
 
Figure 6.16: 5 mA cathode 
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The effect of time:  
 
Figure 6.17: 1 minute 1mA anode 
 
Figure 6.18: 1 minute cathode 
 
Figure 6.19: 2 minutes anode 
 
Figure 6.20: 2 minutes cathode 
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Figure 6.21: 5 minutes anode 
 
Figure 6.22: 5 minutes cathode 
 
The effect of saline concentration:    
Figure 6.23: Distilled water anode 
 
Figure 6.24: Distilled water cathode 
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Figure 6.25: 0.45% NaCl anode 
 
 
Figure 6.26: 0.45% cathode 
 
Figure 6.27: 1.8% NaCl anode 
 
Figure 6.28: 1.8% NaCl cathode 
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The effects of buffer:  
Figure 6.29: PBS + 0.9%NaCl anode 
 
Figure 6.30: PBS + 0.9% cathode 
 
 
 
Figure 6.31: PBS only anode 
 
Figure 6.32: PBS only cathode 
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Figure 6.33: Images taken at (A) 1000x and (B) 5000x of original grade 4 cpTi polished surface with 
no biofilm.   
 
 
   
Figure 6.34: Images taken at (A) 1000x and (B) 5000x after 1 minute of exposure to 1 mA of current 
at the anode. 
  
   
Figure 6.35: Images taken at (A) 1000x and (B) 5000x after 1 minute of exposure to 1 mA of current 
at the cathode. 
B 
A 
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Figure 6.36: Images taken at (A) 1000x and (B) 5000x after 2 minutes of exposure at 1 mA of current 
at the anode. 
  
   
 
Figure 6.37: Images taken at (A) 1000x and (B) 5000x after 2 minutes of exposure at 1 mA of current 
at the cathode. 
 
   
 
Figure 6.38: Images taken at (A) 1000x and (B) 5000x after 5 minutes of exposure at 1mA of current 
at the anode. 
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Figure 6.39: Images taken at (A) 1000x and (B) 5000x after 5 minutes of exposure at 1mA of current 
at the cathode. 
 
The effects of buffer:  
  
 
Figure 6.40: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in 0.9% 
NaCl with buffer at the anode.  
 
  
 
Figure 6.41: Images taken at 1000x and 5000x after exposure to 1 mA of current in 0.9% NaCl with 
buffer at the cathode.  
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Figure 6.42: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in buffer 
solution only at the anode.  
 
   
 
Figure 6.43: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in buffer 
solution only at the cathode.   
 
The effects of current with 0.9% physiological saline after 15 minutes:   
   
 
Figure 6.44: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in a 0.9% 
NaCl solution at the anode. 
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Figure 6.45: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in a 0.9% 
NaCl solution at the cathode. 
 
   
 
Figure 6.46 Images taken at (A) 1000x and (B) 5000x after exposure to 2 mA of current in a 0.9% 
NaCl solution at the anode. 
 
   
 
Figure 6.47: Images taken at (A) 1000x and (B) 5000x after exposure to 2 mA of current in a 0.9% 
NaCl solution at the cathode.  
  
  
A  
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Figure 6.48 Images taken at 1000x and (B) 5000x after exposure to 3 mA of current in a 0.9% NaCl 
solution at the anode. 
 
   
 
Figure 6.49: Images taken at (A) 1000x and (B) 5000x after exposure to 3 mA of current in a 0.9% 
NaCl solution at the cathode. 
 
   
 
Figure 6.50: Images taken at (A) 1000x and (B) 5000x after exposure to 4 mA of current in a 0.9% 
NaCl solution at the anode 
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Figure 6.51: Images taken at (A) 1000x and (B) 5000x after exposure to 4 mA of current in a 0.9% 
NaCl solution at the cathode. 
  
   
 
Figure 6.52: Images taken at (A) 1000x and (B) 5000x after exposure to 5 mA of current in a 0.9% 
NaCl solution at the anode. 
 
   
Figure 6.53: Images taken at (A) 1000x and (B) 5000x after exposure to 5 mA of current in a 0.9% 
NaCl solution at the cathode. 
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Effect of saline concentration:  
   
 
Figure 6.54: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in distilled 
water only at the anode after 1 minute. 
  
  
 
Figure 6.55: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in distilled 
water only at the cathode after 1 minute.  
 
   
 
Figure 6.56: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in 0.45% 
NaCl at the anode after 1 minute.  
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Figure 6.57: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in 0.45% 
NaCl at the cathode after 1 minute.  
 
   
 
Figure 6.58: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in 1.8% 
NaCl at the anode after 1 minute.  
 
   
 
Figure 6.59: Images taken at (A) 1000x and (B) 5000x after exposure to 1 mA of current in 1.8% 
NaCl at the cathode after 1 minute.  
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6.4 Discussion  
 
The present study examined an alternative approach using ultralow voltage electrochemical 
disinfection. The results indicate that dispersal of biofilm can be achieved using this method, 
and that the effects are enhanced, albeit up to a point, with increasing current flow, 
increasing time and increasing saline concentrations. Because the major candidate 
chemical agent involved in this process is hydroxyl ions, it is unsurprising that adding a 
buffer is unproductive, since the hydroxide ions can now being buffered more effectively. 
  
The use of electrochemical processes for disinfection has potential for use both as a clinical 
intervention as well as a strategy which could be enacted by patients in their own mouths, 
provided that a suitable source of low voltage direct current can be provided. As a method 
to extend the existing range of options, the use of electrical current has appeal because of 
its simplicity and because it could augment other methods such as biocides, particle jets 
and mechanical instruments. It could have a particular use as a second step to follow 
treatments such as particle jets.  
 
The potential of electrochemical disinfection in the mouth between professional hygiene 
appointments should be the subject for further work. Newly inserted implants have been 
reported to develop a subgingival biofilm within four weeks after placement, 27 which then 
can progress to biological complications within three years of function. 119 An intraoral 
device based on this concept could delay biofilm maturation by dispersing biofilm off the 
surface at periodic intervals. Based on the present results, using high currents or long times 
in the presence of strong salt solutions would need to be avoided since this would lead to 
loss of some of the Ti surface itself, possibly through electrolytic corrosion. It remains to be 
determined how this affects the integrity and biocompatibility of the oxide layer.  
 
Pure water will break down under electrolysis at voltages above 1.23 V. This well known 
fact explains why no biofilm removal occurred at either the anode or cathode when discs 
were in sterile distilled water and only 1.0 volt was applied as the electrical potential. XTT 
data confirmed no statistically significant change from the baseline in this situation.  
 
The XTT assay was used to determine biofilm biomass, since the yellow dye is reduced to 
orange by viable cells. The XTT assay has been shown to be a suitable method to measure 
biofilm on treated Ti discs. 201 For the purpose of this study, the reduction in concentration 
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of formazan end product means that either cells are not viable or that they have been 
dispersed from the surface. 214 This is one reason why it was considered necessary to 
examine the remaining biofilm on the discs using confocal microscopy and SEM. The major 
advantage of XTT over traditional methods such as plating out to calculate colony forming 
units (CFUs) is that in a mixed species biofilm model, the XTT assay can detect all 
organisms which are present, including strict anaerobic bacteria and fungi.  
 
The data from this study reveal that more biofilm is removed from the cathode, which may 
be due in part to the physical action of the chlorine gas bubbles created there when saline 
is present. Looking across the variables tested, testing the lowest current (1 mA) and the 
shortest amount of time required (1 min) to inactivate or disperse the bulk of a 96 hour 
mixed biofilm that is well attached to a smooth Ti surface in the presence of a physiological 
concentration of saline (0.9% NaCl) provides results which give optimism, however how 
well the same method will work on a the micro-roughened surface of a Ti implant fixture 
remains to be determined. 
 
In 1992, Blenkinsopp proposed that applying a small electrical current could enhance the 
effects of an antimicrobial agent, 113 and this has been termed the ‘bioelectric’ effect. 116 As 
well, in a past study, Hong et al. showed that a constant low current applied at a voltage 
well above the electrolysis threshold of water could remove up to 80% of the adherent 
biofilm from a conductive material after 20 minutes of treatment time. 120 The results from 
our study show a comparable reduction in biofilm activity, but using ultralow voltage and 
lower current, and in a shorter time.  
 
The mechanisms by which electrical current affect EPS and cells within biofilms are not 
fully understood. Other than the generation of hydroxide ions and chlorine gas, other 
mechanisms which be operating include effects due to surface charge, a factor which can 
influence binding and attachment of bacteria. Once this attachment has occurred, biofilm 
then accumulates and matures, and the nature of the original surface becomes a less 
important factor. 144 Busscher et al. have suggested that the weakest link in a biofilm is the 
bond between the initial colonizing bacteria and the surface. 122 Based on the SEM images, 
some detachment of biofilm at the cathode may have occurred by breaking this bond. 
Nevertheless, some pellicle and EPS remained, which would pose concerns for 
biocompatibility because of the content of lipopolysaccharides. It has been suggested that 
generating electrical currents to target the bond between the surface and the initial 
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commensal bacteria could both change the surface charge to detach and remove bacteria 
at the same time. 218 Other work has suggested that applying an electrical current could 
lead to structural changes to the biofilm as it develops. 219 
 
As already mentioned, the electrolysis of NaCl in water will generate sodium hydroxide and 
chlorine gas. There are also possible downstream chemical reactions for other reaction 
products which could generate reactive oxygen species, 123 or hydrochloric acid. 220 The 
data from the XTT assay, confocal microscopy and SEM all concur that the greatest biofilm 
removal is from the cathode, a finding which supporting the concept of chlorine gas being 
a major contributor. 117 
 
Finally, there is a possibility for electrical effects to be combined with the local application 
of biocides or with mechanical treatments. Previous work has shown how a low electrical 
current (either 1.5 or 10 mA) could enhance the antibacterial effects of CHX. 121 Likewise, 
Al-Hashedi et al. used 2.3 mA with 1.8V for 5 minutes and showed a reduction in bacterial 
viability and in the number of attached bacteria. They went on to suggest using a Ti brush 
first and then following this with electrochemical disinfection. 115 
6.5 Conclusion 
 
From these series of experiments, it appears that a physiological saline concentration as the 
fluid environment for treatment at 1 volt and 1 mA current for 60 seconds will inactivate 
biofilm, particularly at the cathode.  
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Chapter 7 
 
General discussion 
and directions for future work. 
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7.1 Discussion:  
 
The purpose of this thesis was to explore minimally invasive debridement methods which 
could be undertaken in dental hygiene practice, recognising that cases of moderate and 
severe PI require surgical management by a dental specialist. The work in the thesis has 
addressed a number of the identified gaps in the literature and shown the value of several 
novel approaches and their performance relative to conventional methods. 
 
As summarized in the literature review in Chapter 1, the removal of biofilm from roughened 
implant surfaces is challenging. Past in vitro and in vivo studies have not indicated that one 
or more methods is preferred or ideal. As the focus of this thesis has been on closed 
debridement methods which a dental hygienist (or dentist) could use, methods such as 
implantoplasty undertaken for open surgical debridement were not been examined. Having 
said this, it is recognised that some of the methods investigated could be used in the setting 
of peri-implant surgery. 
 
Non-surgical treatment for PIM and PI aims to eliminate biofilm and to decontaminate the 
surface without gross modification to the surface configuration. For PIM, non-surgical 
management can be a safe and predictable method of management,124, 125 however non-
surgical methods for managing PI have thus far been unpredictable in term of key clinical 
outcomes such as resolution of bleeding on probing and improvement of clinical attachment 
levels. 125 Given this background, the series of experiments described in this thesis have 
focused on minimally invasive closed debridement approaches which could be performed 
by several members of the dental team, including a dental hygienist or oral health therapist, 
as well as by a dentist.   
 
A summary of the performance and relative costs of the methods evaluated in this thesis is 
presented in Table 7.1 below. A strong theme which emerges from the work in Chapters 3 
and 4 is that hand or powered instruments which require the application of lateral force 
should be avoided on roughened surfaces (i.e. abraded or SLA surfaces) because they will 
modify the original surface topography, and will leave behind remnants of biofilm.  
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Table 7.1. Ranking of debridement methods in terms of biofilm removal effectiveness, 
surface damage and relative cost.  
Technique Biofilm removal        Surface damage Cost  
Air polishing using 
glycine  
Excellent Minimal  Moderate  
Er:YAG laser with 
water 
Excellent  Minimal  High  
40% Citric acid Very good  Minimal  Low 
Electrolysis at 1mA 
for 1 minute, with 
0.9% NaCl  
Very good  Minimal  Low  
Air polishing using 
sodium bicarbonate  
Very good Moderate  Moderate  
Air polishing using 
calcium carbonate 
Very good  Moderate  Moderate  
Rotating titanium 
brush  
Poor High  Low  
Hand instrument – 
Carbon fibre tip 
Poor  High Low 
Hand instrument, 
titanium  
Poor  High  Low 
Ultrasonic scaler 
with titanium tip 
Poor  High  Moderate  
The ratings are global assessments of the individual parameters by the author, to give an 
indication of where different methods has strengths and weaknesses. 
 
Surface topography using the Multi-etch solution:  
The use of Multi-etch™ solution to create surface textures in titanium was described in 
Chapter 2. This solution contains diammonium peroxodisulfate (ammonium persulphate), 
which is a strong oxidant, and sodium fluoride (which can etch titanium). It was developed 
to prepare the surfaces of titanium and other metals and alloys for anodizing as an 
alternative to using hydrofluoric acid, or other corrosives, as it will remove surface 
contamination. It has a pH near neutral (pH 6.8). Provided the exposure time is short, the 
surface effects are limited to microscopic changes in texture. According to the manufacturer, 
exposure times longer than 20 seconds will convert polished surfaces to a matte finish. The 
effect of the solution is also affected by temperature (cold or hot). 
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In the present study, Multi-Etch was chosen due to (1) its ability to be safely handled and 
disposed of, (2) a suitable period of exposure time, and (3) predictability of the etching 
results. In previous pilot studies, attempts were made to use various concentrations of 
hydrofluoric acid ranging from 1% to 0.1% to etch Ti discs, however it was found that the 
etching pattern was unpredictable and inconsistent due to the rapid chemical etching effect. 
It was also found that the solution also became quite hot. SEM images of the etched patterns 
created with HF are presented in Appendix 4.  
 
The use of Multi-Etch for preparing implant surfaces is worthy of further investigation, since 
it is a simple method which can use solutions at room temperature which are safer to handle 
than hydrofluoric acid. It could be used alone or combined with other treatments such as 
abrasive particle jets, or other methods currently in use such as anodic oxidation or laser 
etching.2 The SLA surface that was produced using Multi-Etch has a honeycomb-like 
surface topography, with an Sa of 1.44 µm, which places it into the moderately rough 
category (Sa from 1-2 µm). 129 
 
Further characterization of the surface after Multi-Etch has been used would be a promising 
area of further study, particularly using XPS. Based on EDX, Multi-Etch removes residual 
surface contaminants and provides a similar profile elemental to commercially available SLA 
implants (as shown in Chapter 2). Information regarding the oxide layer composition and 
thickness needs to be collected, particularly how this compares to commercially available 
implant surfaces. In addition, the biocompatibility of the surface should be explored, 
especially the suitability for attachment of host cells such as osteoblasts. As shown in 
Chapters 4 and 5, the Multi-Etch surface is colonised readily by biofilm.  
 
Laser based approaches for debridement:  
 
In Chapter 5 of this thesis, several different water-based fluids were used with the KaVo 
Er:YAG laser, but the choice of these did not significantly influence the extent of biofilm 
removal. Water absorbs the laser energy and undergoes cavitation, which is why it is the 
most important component of the fluids used. Use of the laser was sufficient for removing 
biofilm from any of the three surfaces, and did not cause undesirable surface modifications. 
What traces of biofilm remained after laser irradiation of water-based fluids were mostly 
single adherent cells. This stood in contrast to the situation where biofilms were exposed to 
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fluids but not to the Er:YAG laser. A 60 second application time gave near complete removal 
of biofilm, but this does not mean that the surface is sterile. Alterations to the laser 
parameters (e.g. lowered pulse duration and increased peak power, or altered pulse shape) 
could be explored to enhance the cavitation effects seen in water with the laser pulse. The 
clinical significance of small residues of biofilm remaining after treatment remains to be 
determined. 
 
Other approaches:  
Glycine powder used in an abrasive particle jet was found in Chapters 3 and 4 to be a very 
promising debridement method since this gave almost complete removal of biofilm across 
all of the three surfaces, but without marked surface damage or other modifications. The 
compressed air pressure of 35 PSI (241 kPa or 2.41 bar) used was based on previous 
studies (summarized in Appendix 1) which explored the variables of air pressure and powder 
type. Glycine particles delivered at 35 PSI could remove ink from implant surfaces.   
 
Citric acid was found to etch Ti surfaces, particularly when applied to an SLA or polished 
surface. When applied onto a Ti surface covered with biofilm, it had minimal influence on 
the surface topography, yet gave good biofilm removal. The current work using citric acid 
should be extended by testing this solution on implants with biofilm, rather than on flat discs, 
both alone and in combination with other approaches, rather than just as a standalone 
measure. Past studies have suggested a combination approach will be more effective for 
biofilm removal than a single method based on citric acid alone. 165 This could be explored 
for citric acid, used after a physical debridement method has been applied. 
 
Combination approaches: 
 
Following the same logic, other methods which were found to be promising in the present 
thesis could be used in combination, for example a titanium brush followed by the application 
of an electrical current. 115 The electrolysis approach seems well suited as a follow-up to a 
physical debridement method.  
 
It is clear from the results presented in Chapter 6 that the use of an electrical current as a 
mono-therapy would not be sufficient to completely detach biofilm from a Ti surface. The 
other major concern with use of the electrolysis method is to what extent it alters the oxide 
layer on the surface, since this would influence adhesion of host cells to the implant surface. 
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53, 54 This is one reason why the work in Chapter 6 used a very low current and short 
exposure time, to limit the extent of corrosion and other surface alterations.  
 
While different debridement approaches have been shown to give varying effects on 
different surfaces, additional work is needed to verify that the treated surfaces are still 
biocompatible. This could provide an important area of future work. It is possible that even 
though much of the biofilm has been removed, organic contaminants may have affected the 
Ti oxide layer, and lowered the surface energy, 158 making it more difficult for host cells to 
attach onto the surface. There is little benefit to achieving a clean surface if the treated 
surface is not biocompatible and does not allow osseointegration to occur. 221, 222 From the 
work in this thesis and other published studies, it appears that Er:YAG lasers, glycine 
particles, citric acid and electrolysis are promising areas to explore further, since these 
treatments are likely to either enhance biocompatibility, or at the very least, will not lower 
the surface energy. 93, 165, 186, 223  
 
From the work described in this thesis (as summarized Table 7.3), a suggested combination 
approach would be as follows when a purely closed debridement approach was to be used:  
 
Step 1. Air polishing with glycine particles with water (15 seconds in total) or Er:YAG 
laser application (60 mJ/pulse for 1 minute with water).  
Step 2. Application of 40% citric acid into the pocket, which is left in place for 1 minute. 
Step 3. Flush out the citric acid using saline, and then apply 1 mA of electrical current 
for 1 minute, with the implant being at the cathode.   
This debridement sequence would take less than 5 minutes to perform, and is well suited to 
application in a dental practice by a dental hygienist or oral health therapist. If the desired 
clinical outcomes were not achieved, the patient could then be referred to the dentist for 
open debridement and implantoplasty using a surgical approach. When non-surgical 
techniques closed debridement techniques have been shown to not be inadequate for 
managing inflammation around an implant, implantoplasty would be the next step.  
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Table 7.2: Table summarizing areas of work covered in the thesis.   
 
 
Table 7.3: Recommended and contra-indicated approaches to implant surface debridement 
based on the results from this thesis.  
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Future directions with biofilm models:  
 
The model of a multi-species biofilm derived from human saliva grown on titanium discs with 
various surface features has been used in this thesis. The flat surface is easily characterised 
by SEM and optical profilometry. A logical progression from this would be to move to an in 
situ model for biofilm development using commercial implants rather than flat discs, and 
then to treat the implants ex vivo. 
 
Such a model has been developed by the candidate and is presented in Appendix 3. 
Conventional implants are mounted into a vacuum-formed tray in a position which gives a 
low oxygen tension, low saliva shear force, and exposure to gingival crevicular fluid, in order 
to mimic a subgingival environment. After 2 days of wearing the appliance, the implants can 
be removed from the appliance and mounted into a composite plastic which resembles 
cancellous bone (SawBones®). The artificial bone can be shaped to provide anatomical 
defects and the biofilm contaminated implants can then be treated, for example using any 
of the single or combination methods discussed in this thesis. This type of model would 
mimic an open surgical debridement approach, and so would extend what has been done 
in the thesis in terms of closed debridement approaches.  
 
Closing comments and conclusions 
 
The work in this thesis has explored the effects of a number of debridement methods on 
three different type of implant surfaces. Biofilm removal various according to the nature of 
the surface and the technique used. A worrying result was that mechanical instruments such 
as hand curettes, ultrasonic scalers and Ti brushes had poor effectiveness for removing 
biofilm, and were likely to damage the surface. Other methods including the Er:YAG laser 
used with water, abrasive particles (air polishing) with glycine powder, application of citric 
acid and electrolysis at a low current were found to be effective for removing or inactivating 
the biofilm, and did not have a major effect on the original surface. Additional work is needed 
to explore how combinations of these various methods can enhance clinical outcomes. 
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Abstract 
 
Implant surface decontamination is challenging and air powder abrasive systems are a novel 
treatment approach. This in vitro study investigated the effectiveness of different powder 
formulations and air pressures in cleaning implant surfaces and the extent of surface 
damage.  
 
A validated ink model of implant biofilm was used. Sterile 4.1 × 10mm Grade 4 titanium 
implants were coated in a blue indelible ink to form a uniform, visually detectable biofilm-like 
layer over the implant threads and mounted into a bone replica material with bony defects 
to approximate peri-implantitis. Air powder abrasive treatments were undertaken using 
glycine, sodium bicarbonate or calcium carbonate powder at air pressures of 25, 35, 45 and 
55 psi. Digital macro photographs of the threads were stitched to give composite images of 
the threads, so the amount of ink remaining could be quantified as the residual area and 
expressed as a percentage. Implant surfaces were also examined with scanning electron 
microscopy to grade the surface changes.  
 
No treatment cleaned all the surface of the threads. The powders were ranked in order of 
decreasing effectiveness and decreasing surface change into the same sequence of calcium 
carbonate followed by sodium bicarbonate followed by glycine. Higher air pressure improved 
cleaning and increased surface change, with a plateau effect evident. All powders caused 
some level of surface alteration, with rounding of surface projections most evident.  
 
With air powder abrasive systems, there is a trade-off between cleaning and surface 
damage. Sodium bicarbonate and calcium carbonate powders were the most effective for 
surface cleaning when used at air pressures as low as 25 psi and these seem promising for 
further investigation.   
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Background 
 
Dental implants are becoming a popular treatment choice to replace missing teeth 
and have been shown to have a good clinical success rate. 1 A range of materials are used 
for implant fixtures, including commercially pure titanium, titanium alloys and ceramics. 
Modern surface treatments for titanium fixtures include roughening the surface by various 
combinations of acid-etching, grit-blasting, plasma-spraying and anodization, to create a 
suitable micro-texture for enhanced osseointegration. 2  
 
The microscopically roughened and hydrophilic surface of titanium fixtures allows 
rapid attachment and formation of biofilm. 3 Once the biofilm is established in susceptible 
patients, destructive inflammatory responses may occur in the surrounding tissue structures 
as peri-implantitis develops, with accompanying soft tissue inflammation and loss of alveolar 
bone. 4  The drivers of the inflammatory responses include “red complex” pathogens such 
as Porphyromonas gingivalis, Treponema denticola and Tanerella forsythia, which have 
been found in the biofilm in proportions similar to those seen in adult periodontitis.5 
 
Removal of biofilm from the implant surface is critical to maintain healthy surrounding 
soft and hard tissues. 6  The ultimate goal of any cleaning process is to decontaminate the 
implant surface with little alteration, so that the surface is biologically acceptable for re-
osseointegration. 7,8 However, micro-surface irregularities and protected areas between 
implant threads promote the adhesion of bacteria and provide physical protection to the 
biofilm, making professional cleaning with conventional instruments difficult or impossible. 
9,10 All debridement methods struggle with reaching the undercuts of each thread of the 
implant.9 Various studies have recommended that alternative decontamination methods 
should be investigated, 11,12 as it is known that debridement using stainless steel curettes or 
ultrasonic scalers may result in surface irregularities that may further encourage bacterial 
colonisation.7 Plastic curettes and ultrasonic scalers with plastic tips cause less damage to 
implant surfaces but are ineffective for removing biofilm deposits. 11,8    
 
One novel method which holds considerable promise for implant surface debridement 
is particle jets, also known as air powder abrasive systems. 13 Such systems typically attach 
to a high speed air turbine coupling and deliver a particle jet of abrasive powder particles 
within a stream of compressed air. 14 These units have been shown to be an effective 
method for removing supragingival plaque and extrinsic stains from teeth. 13 For implant 
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surface decontamination, when compared to conventional methods, air abrasive units show 
promising results for biofilm removal. 15-17 The powders available include amino acid glycine, 
calcium carbonate and sodium bicarbonate.14 Care is needed to prevent tissue emphysema 
when powders are delivered using a nozzle which is placed subgingivally. 13,14 
 
In order to assess the effectiveness of air abrasion units, previous studies have 
examined the impact of various treatment protocols (including the use of different powders) 
on implant surface topography. Qualitative analysis from scanning electron microscope 
(SEM) images has been the method of choice for evaluating treated surfaces. 13,18,19 There 
has been little attention paid to date to choice of particle type and the pressure of 
compressed air required for effective removal of biofilm.13 Logically, one would not want to 
use any higher air pressure than necessary to avoid damaging the implant surface or 
causing soft tissue injury.  
 
In light of these considerations, the first aim of the present study was to investigate 
the effectiveness of different powder formulations in removing biofilm from implant surfaces, 
in terms of cleaning ability and surface damage. The powders tested were those used 
commonly in the clinical setting, namely glycine, sodium bicarbonate and calcium carbonate. 
The second aim was to explore the influence of air pressure on cleaning ability and surface 
damage. The study was conducted under controlled laboratory conditions to remove the 
influence of confounding factors and clinical variables.  
 
The hypotheses tested were that (1) amongst the different powder formulations, 
calcium carbonate would have the greatest cleaning ability but also impart the greatest 
change to implant surfaces; and (2) that as air pressure increased, the cleaning ability of air 
abrasion units also increased but surface changes were more pronounced.  
 
Materials and Methods 
 
For this in vitro study, the ink model paper of Sahrmann et al. was used. 20 This model 
has been validated and shown to simulate biofilm attachment. Treated implant surfaces 
were analysed with standardised photography and using SEM. 
 
Three sterile 4.1 × 10mm Grade 4 pure titanium implants (ITC 410, Southern 
Implants, Irene, South Africa) were coated in a blue indelible ink (Sharpie Fine Point 
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Permanent Marker, Sanford L.P., Illinois USA) to form a uniform, visually detectable biofilm-
like layer over the implant surface, including the valleys between threads.20 To verify an 
even distribution of ink over the surfaces, all surfaces were inspected under a light 
microscope at up to 20X magnification.  Each implant was mounted in an acrylic resin block 
(Sawbones, Vashon Island, Washington, USA) that had been prepared with a 6 mm deep 
defect with a circumscribed saucer-shaped opening at 60 degrees, to simulate the physical 
environment of a peri-implantitis lesion.  Implants were screwed into the prepared defect 
with the top three threads exposed. An air abrasion system (Air-N-Go, Acteon Group, 
Merignac, France) was used with a subgingival nozzle to treat the surface at compressed 
air pressures of 25, 35, 45 or 55 pounds per square inch (psi), according to the following 
treatment protocols: Group A: Sodium bicarbonate powder; Group B: Glycine powder; Group 
C: Calcium carbonate powder. Each treatment had a duration of two minutes. The working 
distance was 1-2mm, and the nozzle was applied at an angulation of between 30 and 90 
degrees to the implant surface, as recommended by the manufacturer. Treatments were 
performed by a single operator, to ensure consistency. There were 5 replicates for each of 
the 12 treatment protocols (combinations of differing particle types and air pressures).  
 
After each treatment, the implant was removed from the Sawbone mount. Any loose 
particles or powder remnants were removed by applying compressed air for 10 seconds. 
The implant was then placed on a revolving stand which was marked with 12 even intervals 
so that 12 photographs of the implant surface could be taken using a digital camera (model 
1000D, Canon, Tokyo, Japan) fitted with an 105 mm macro lens. The images were manually 
stitched together with Photoshop CC software (Adobe Systems Software, Ireland) to form a 
rectangular image for analysis (Figure A1.1). A digital camera with a 100 mm macro lens 
was used. The aperture and shutter speed were set at F 32 and 1/4000, respectively.    
 
The composite photographs were analysed with ImageJ software (version 1.47, 
National Institute of Health, Bethesda, USA) to quantify the pixel area of blue ink remaining 
on the implant surfaces, so that this could be expressed as a percentage of the implant 
surface area. To compare the results of different treatment protocols, analysis of variance 
was used (Instat, GraphPad Software, La Jolla, USA). All data sets were checked for 
normality prior to using parametric tests. The Tukey-Kramer multiple comparison test was 
used post hoc. P values lower than 0.05 were regarded as significant.  
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One implant was dedicated for each powder type, so that surface damage could be 
assessed. After the first of the five experimental runs, the implant surface was examined 
using scanning electron microscopy (Phenom Pro, Phenom-World B.V., Eindhoven, 
Netherlands) without any surface coating being applied. Images were taken at the same 
locations of the implant (implant collar, before the first, second and third threads) at 250, 
1000, 2000 and 5000X magnification. Damage was scored using a qualitative scale, as 
follows: 0: no apparent change to the implant surface; 1: mild change to the implant surface 
– slight rounding of surface projections, but no topographical changes; 2: moderate change– 
moderate rounding, with flatter topography; 3: moderate change – advanced rounding; and 
4: pronounced rounding with striations. Scores were generated by two independent 
examiners and the results collated.  
 
Results: 
 
The cleaning efficacy of the individual protocols varied according to powder type and 
air pressure. As summarised in Table A1.1 and Figure A1.2, the best cleaning (lowest 
residual ink area) was seen with calcium carbonate, followed by sodium bicarbonate. Both 
these powders were more effective than glycine powder.  
 
Table A1.1. Implant surface parameters 
Powder Gly Gly Gly Gly NaB NaB NaB NaB CaC CaC CaC CaC 
Pressure 25 35 45 55 25 35 45 55 25 35 45 55 
Ink area 
(average) 
39.
74 
14.
98 
11.
21 
10.
72 
12.
98 
6.7
6 
6.5
2 
3.8
0 
5.5
0 
6.3
0 
4.6
8 
4.3
5 
SEM score 1 1 1 1 1 1 2 3 2 3 3 4 
 
Powder types are designated as the following: Gly = glycine, NaB = sodium bicarbonate, 
CaC = calcium carbonate. Residual ink area is the mean of 5 replicates and is expressed 
as a percentage of the implant surface.  
 
 
Calcium carbonate reached its maximum cleaning potential at an air pressure of 25 
psi (the lowest of all three powders), while at air pressures higher than 35 psi, there was no 
significant difference between calcium carbonate and sodium bicarbonate. At the lower air 
pressures, calcium carbonate powder yielded the best cleaning results. At the lowest air 
pressure used (25 psi), calcium carbonate gave the best surface cleaning (residual ink area 
5.5%), followed by sodium bicarbonate (13.0%) and then glycine (39.7%). Differences 
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between all powder types at 25 psi were statistically significant (P <0.001). At air pressures 
of 35, 45 and 55 psi, calcium carbonate and sodium bicarbonate powders continued to be 
significantly better at cleaning implant surfaces than glycine powder, but results for calcium 
carbonate and sodium bicarbonate powders were not significantly different despite an 
overall superior trend for calcium carbonate. 
 
For each particle type, there was an influence of air pressure. For glycine powder 
used at 25 psi, there was inadequate cleaning with an average of 39.7% of ink remaining. 
Cleaning performance improved as the air pressure was increased to 35 psi (P<0.001). 
Beyond this, the effect showed a plateau, as there was no significant difference between 35 
psi and the higher air pressures. Sodium bicarbonate powder used at 25 psi showed a 
cleaning potential comparable to that of glycine powder used at 55 psi. The cleaning 
potential increased between 25 and 35 psi and the surface area with ink remaining 
decreased from an average of 12.98% to 6.76%. Beyond this point, there was a plateau in 
performance with higher air pressures. In contrast, for calcium carbonate powder, all four air 
pressures used gave similar results from 25 psi upwards (P> 0.05).  
 
Results from SEM analyses of surface damage are presented in Table A1.1 and 
typical images are shown in Figures A1.3 to 5. Only mild surface alterations were seen with 
glycine powder, while rounding of surface projections occurred with sodium bicarbonate 
when used at high pressures and moderate surface changes were seen with calcium 
carbonate at all pressures used, with rounding evident at 25 psi. As air pressure increased, 
rounding was more pronounced, while striations were noticeable at 55 psi. 
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Figure A1.1. Composite stitched image showing remaining ink after glycine treatment at 
various air pressures. Note that the most apical section of the implant which was inserted 
into the threaded Sawbone (most apical 2 threads) was excluded from the subsequent 
analysis of surface cleaning.   
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Figure A1.2. Collated results in a graph showing treatment outcomes for different powder 
types used at varying air pressures. The vertical scale shows the percentage of the surface 
with ink remaining, so lower scores indicate better cleaning.    
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Figure A1.3. SEM of implant surface after using glycine powder at 55 psi. 1000X 
magnification. 
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Figure. A1.4. SEM of implant surface after using sodium bicarbonate powder at 55 psi. 
1000X magnification. 
 
  
198 
 
 
 
 
Figure A1.5. SEM of implant surface after using calcium carbonate powder at 55 psi. 
1000X magnification. 
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Discussion 
 
This study aimed to investigate the cleaning potential of different air powder types at 
different air pressures, and shows the influence of powder type and air pressure. An ink 
model was used to simulate visible biofilm and to quantify cleaning efficacy. 16,20 In previous 
studies of this type, the implant surface has been imaged at only one location. In the present 
study, all parts of the implant surface were imaged and a composite image of the entire 
surface was generated by stitching together 12 separate images, giving a panoramic 
overview of the surface in perfect focus. This allowed an accurate view of the complete 
treated surface for analysis.  
 
The first powder assessed was the amino acid glycine, which is used in some 
commercial particle jet devices. These particles are known to cause minimal trauma to the 
gingival soft tissues. 21 Being a small amino acid, glycine is readily absorbed from 
periodontal pockets and broken down by normal metabolism such that any residues are not 
problematic. 20 It has been suggested that elevations in extracellular glycine concentration 
may increase the permeability of bacterial cytoplasmic membranes and inactivate 
membrane proteins, leading to inhibition of bacterial growth. 22-24 Glycine powder treatment 
of implant surfaces does not impair adhesion of cells. 25,26   
 
In the present study, glycine was found to cause the least surface damage, but also 
was the least effective material for cleaning the surface. Its inferior cleaning potential may 
reflect it having the lowest density (1.61 g/cm³) and smallest particle size (25 µm) of the 
three materials used. 27 Due to these two physical properties, each glycine powder particle 
has lower mass and momentum than particles of the other two powder types.28,29 Hence, 
the amount of energy that will be transferred to the implant surface by the impact of particles 
is lower, which explains the smaller area of ink removed.  
 
In the present study, a simulated bony defect was used, to replicate the clinical 
situation where the implant surface is difficult to access.30  This provides a realistic challenge 
for accessing the area of the threads for cleaning. Using the ink model, better cleaning was 
found using particles with greater density, namely sodium bicarbonate and calcium 
carbonate. These particles were also larger (76 µm and 55 µm, respectively).27 This finding 
suggests that density is important in determining cleaning for abrasive particles in a jet. A 
major difference between calcium carbonate and sodium bicarbonate is their solubility in 
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water, being low for the former and high for the latter. This parameter could influence the 
way that particles behave when suspended in a stream of air and water mixed together, as 
opposed to compressed air only.   
 
For all powder types, a plateau in cleaning ability was seen with increasing air 
pressure, with this effect varying by powder type (glycine and sodium bicarbonate at 35 psi, 
and calcium carbonate at 25 psi). Adding to this, there were areas of the implant surface 
which could not be accessed even when additional energy was provided by higher air 
pressure. Areas beneath the threads were consistently found to be the most difficult to 
access. The limits of the particle jet cleaning approach were most evident with glycine 
powder, the material with the lowest hardness and smallest particle size.28-30 
 
The more positive results seen for sodium bicarbonate and calcium carbonate align 
with past work using ink models or in vitro biofilms.13,16,20,25,31-34 Both powder types are 
suitable for use at lower air pressures, but the former caused less surface modification than 
the latter. The use of qualitative evaluation methods to assess topographical changes with 
SEM images of surfaces treated with particle jets is well established.13,26,13,26,31,35-39 In this 
study, the changes due to the various treatment protocols were consistent between the 
various parts of the threads which were imaged.  
 
Glycine powder caused the least change, which is consistent with the hardness of 
this material being less than titanium.40-42 Changes seen in the present study for sodium 
bicarbonate used at low air pressures were similar to those described by Menini et al.40  The 
changes seen for sodium bicarbonate used at air pressures of 45 psi or greater, which 
included more rounding and flattening of the topography, were comparable  to those 
observed by Cochis et al.41 A detailed comparison with these two previous studies is not 
possible as they did not state the air pressures that were used.  In the present study, calcium 
carbonate caused rounding at 25 psi, with greater surface changes which progressed to 
striation at 55 psi. This greater damage can be expected since with higher air pressure, the 
kinetic energy of the particles is greater.28  
 
How various surface changes influence the biocompatibility of the surface remains to 
be explored. At the present time, because particle jets/air powder systems produce less 
change to implant surfaces than hand or ultrasonic scalers, they are favoured over these 
alternative treatment methods.13 Nevertheless, the results of the present study show that 
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complete cleaning of the implant surface (a requirement for re-osseointegration)43 is not 
achieved, despite there only being mild surface changes. How the changes seen affect 
accumulation of biofilm36,38 and cell attachment remains to be clarified. The finding that low 
air pressures appear sufficient for both calcium carbonate and sodium bicarbonate particle 
jets is promising, since by using lower air pressures, the chance of damaging soft tissues or 
causing emphysema is reduced.12,14,44,45.  
 
Conclusion 
 
Sodium bicarbonate and calcium carbonate powders were the most effective in implant 
surface cleaning and could be used at air pressures as low as 25 psi. Calcium carbonate 
powder gave the greatest ink removal and glycine powder the least from the three powders 
tested. As air pressure increased, the cleaning efficiency increased but the effect reached a 
plateau. There was an inherent trade-off between cleaning and surface damage, with glycine 
causing the least microscopic change to implant surfaces and calcium carbonate the most. 
Attempting to optimise between these effects, based on the criteria of cleaning with the least 
surface damage, both sodium bicarbonate and calcium carbonate appear promising when 
used at low air pressures.   
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Appendix 2:  
Assessment of Implant Surface Debridement Using an Ink Model 
 
Christopher Yip1, Max Wei1, Carol Tran1, Laurence J Walsh1 
Presented at the IADR General Session, Seoul, Korea 2016 
 
Titanium dental implants have been used as an effective replacement for missing teeth for 
over 20 years. With the increasing use of these implants for tooth replacement and for the 
stabilization and support of dentures, the need for effective cleaning of dental implant 
surfaces is greater than ever before.  
 
Peri-implantitis has emerged as a major problem. This results from an unfavourable 
host response to biofilms which form on the surface of the implant abutment and 
subsequently on the threads of the implant fixture itself.   
 
Peri-implant infections involve tenacious biofilms which are difficult to remove. This 
in vitro study evaluated different methods of implant surface cleaning using a well 
established ink model (REF) in which ink removal parallels removal of biofilm.  
 
4.1X10 mm grade 4 threaded titanium implants (ITC 410, Southern Implants) with 
micro-patterned surfaces were coated in indelible ink (Sharpie Permanent ink) and 
mounted in a bone replica material (Sawbones) prepared with 6mm deep circumscribed 
saucer-shaped defects with 60 degree walls, which were intended to replicate a common 
clinical presentation of a moat-type defect. Implants were debrided for 2 mins with hand 
scalers (plastic, titanium, carbon fibre, stainless steel), an Acteon ultrasonic scaler (plastic 
or stainless steel tips), an air abrasion unit (calcium carbonate powder) (NSK) or a saline 
swab (negative control). After each treatment cycle, surfaces were photographed using a 
custom jig to take 12 images of each implant, and then the images combined to give a 
single rectangular image of the entire implant surface in perfect focus. Residual ink area 
was calculated as a percentage of the total surface for N=9 replicates for each treatment. 
 
Complete removal of ink from the threaded region of the implants was not achieved 
by any method. The best result was achieved with air abrasion device followed by the 
ultrasonic scaler with a metal tip (4.46% and 15.02% residual area, respectively). This 
difference was not statistically significant. The next best performance was for the 
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ultrasonic scaler with the plastic tip (49.54% residual area). The level of residual ink was 
not significantly different between the hand scalers (78.48- 98.17%) and the saline swab 
control (92.72%).  
 
In conclusion, abrasive powders are superior to ultrasonic scalers and hand 
instruments for debridement of implant surfaces in this model system. Achieving access to 
all areas remains a challenge whenever threads are present. 
 
 
 
Figure A2.1: Results percentage of residual ink remaining (%)  
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Figure A2.2: Carbon Graphite Scaler (Premier 4L/4R) 
application on implant surface   
Figure A2.3. Saline swab application on implant surface   
Figure A2.4: Air polishing with NSK prophymate (Calcium 
Carbonate powder) application on implant surface   
Figure A2.5: Cavitron ultrasonic SofTip Implant 
application on implant surface  
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Figure A2.6: Stainless steel hand scaler (Nordent 4L/4R) 
application on implant surface Figure A2.7: Titanium hand scaler (Nordent 4L/4R) 
application on implant surface 
Figure A2.8: Stainless steel ultrasonic insert tip (Cavitron 
Thinsert) application on implant surface 
Figure A2.9: Resin hand scaler (HuFridy 4L/4R) application on 
implant surface 
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Appendix 3:  
An In Situ Model for Biofilm Formation on Titanium Implants 
 
IADR abstract no. 169125   
 
Biofilms form readily on the surfaces of dental implants, and are responsible for inflammation in the 
peri-implant tissues. Current methods of surface cleaning for implants have limited effectiveness. 
The aim of this study was to develop an in situ model which could then be used for testing various 
conventional and novel (laser based) methods of implant surface debridement.  
 
This in situ model of biofilm formation on implants which are located within a removable oral 
appliance allows biofilm growth on exposed implant surfaces to be assessed over time, for example 
using multi-colour dye staining, confocal microscopy and vital staining as well as SEM once the 
implants are removed. An in situ model is preferred because bacteria from the normal oral microflora 
of the mouth will be able to adhere on to the implant and grow into a well-established layer. This is 
advantageous over using animal models, as animals have a different oral flora compared to humans. 
1 
 
Because past studies of implant biofilms have used in vitro models with single species biofilms of 
oral bacteria, these systems have no direct relevance to clinical care. It is desirable to have a 
reproducible in situ model with naturally formed complex biofilms of mixed species. These should 
form under low oxygen conditions in an environment which is partially protected from the washing 
action of saliva, but able to access nutrients from the saliva. There should be contact with normal 
host protective mechanisms such as the gingival crevicular fluid produced around the gingivae. To 
meet these objectives, a removable appliance which can be used as an in situ model was designed 
(Figure A3.1 and Figure A 3.2). The in situ model allows the growth of a mature biofilm in the threads 
of an implant from the human oral flora under low oxygen conditions and show shear force from 
saliva. Furthermore, this appliance simulates exposure to gingival crevicular fluid. 
 
Neoss Bimodal™ threaded titanium implants were mounted into custom-made vacuum-formed 
removable oral appliances configured with the implant horizontal on the buccal surface of mandibular 
first molar teeth. The implants were fixed into position by their healing abutment screws to prevent 
them from being dislodged during normal movements of the buccal mucosa. Variations in design 
including use of PVC tubing allowed variations in salivary contact and oxygen tension to achieved. 
Appliances were worn continuously for 48 hours, being removed temporarily during eating and oral 
hygiene procedures. A thick biofilm formed ( 
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Figure A3.1). Biofilms were then fixed and assessed using SEM. This analysis revealed that a thick 
multi-species biofilm with a complex three-dimensional structure formed after 48 hours in a subject’s 
mouth (Figure A 3.3). 
Two previous studies have used an in situ method to successfully grow and analyse biofilm on flat 
titanium discs.2, 3 This approach with flat titanium discs with surfaces modified to simulate an implant 
makes analysis of changes to the surface more straightforward, since features such as threads are 
missing.4 The in situ model described here provides a better analogue of the challenges faced when 
cleaning an implant with threads of various pitches, and could be used in future to compare different 
methods of debridement.  
 
 
 
Figure A3.1. Appliance with 2 implants and a titanium disc mounted in place. 
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Figure A3.2. Close-up images showing the appliance design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
 
Figure A3.3. Close-up images showing the appliance after being worn for 2 days. Thick 
deposits of biofilm can be seen (opaque off-white deposits). 
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Figure A3.4. SEM examination of 2 day old biofilms on implants mounted in the in situ model. 
Upper left, X50. Upper right X100, Lower left X3000, Lower right X6000. The mixed 
composition of the biofilm is evident, with various morphological types of bacteria present 
as well as fungi. The biofilms were fixed with neutral buffered formalin for 24 hours before 
the samples underwent critical point drying and sputter coating.  
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Appendix 4: Surface characteristics of titanium discs treated with hydrofluoric acid  
 
 
 
 
 
 
Figure A4.1: Dentsply AstraTech OsseoSpeed™. SEM image taken at 5000X. This type of 
surface is produced by grit blasting with Ti oxide, followed by etching with hydrofluoric acid.  
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Figure A4.2: Attempt at reproducing the OsseoSpeed surface using acid etching with 0.1% 
HF for 60 seconds at room temperature. Note the surface contaminants, as indicated by the 
yellow arrows. SEM magnification 5000X.  
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Figure A4.3. Attempt at reproducing the OsseoSpeed surface with acid etching using 0.1% 
HF for 60 seconds at room temperature. Note the surface contaminants present as indicated 
by the yellow arrows. SEM magnification 5000X.  
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Figure A4.4. Attempt at reproducing the OsseoSpeed surface with acid etching using 0.1% 
HF for 60 seconds at room temperature. Note the surface contaminants present as shown 
by the yellow arrows. SEM magnification 6000X. 
 
 
 
 
 
 
 
 
 
 
